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Abstract  
In	   the	  budding	  yeast	  Saccharomices	  Cerevisiae,	  Atg6	   is	  a	  non-­‐catalytic	  component	  of	  the	   phosphatidylinositol	   (PtdIns)	   kinase	   complex	   Vps34-­‐Vps15-­‐Atg6,	   which	  phosphorylates	   PtdIns	   to	   produce	   phosphatidylinositol	   3-­‐phosphate	   (PtdIns(3)P).	  Atg6	  is	  conserved	  among	  species,	  including	  its	  mammalian	  ortologue,	  Beclin	  1,	  which	  is	  partially	  inactivated	  in	  breast	  and	  ovarian	  cancers.	  Beclin	  1	  involvement	  in	  human	  cancer	   is	  not	   fully	  established,	  but	   it	   could	  act	  as	  a	   tumor	  suppressor	  by	   regulating	  autophagy.	  	  	  
Genome	  instability	  is	  a	  hallmark	  of	  cancer	  cells.	  The	  replication	  stress	  checkpoint	  has	  evolved	   to	   prevent	   the	   occurrence	   of	   genome	   instability.	   Once	   activated,	   the	  checkpoint	   orchestrates	   series	   of	   protective	   responses,	   including	   the	   production	   of	  deoxyribonucleotides	  (dNTPs)	  and	  DNA	  repair.	  
In	  this	  work	  we	  show	  that	  low	  levels	  of	  intracellular	  PtdIns(3)P,	  as	  caused	  by	  deletion	  of	  ATG6,	   	   protect	   cells	   during	   replication	   stress	   conditions.	  Moreover,	   sensitivity	   to	  replication	   stress	   is	   enhanced	   in	   the	   presence	   of	   amino	   acid	   imbalances	   in	   the	  extracellular	  medium.	  This	  effect	  depends	  on	  PtdIns(3)P	   involvement	   in	  endosomal	  vesicle	   trafficking,	   but	   is	   independent	   from	   both	   autophagy	   and	   the	   canonical	  replication	  stress	  checkpoint	  mediated	  by	  Rad53.	  PtdIns(3)P	  levels,	  as	  determined	  by	  the	   activity	   of	   the	   Vps34-­‐Vps15-­‐Atg6	   on	   endosomal	   membranes,	   likely	   affect	   the	  internalization	   of	   amino	   acids	   that	   are	   crucial	   to	   survive	   during	   replication	   stress.	  Elucidating	   the	   molecular	   mechanisms	   that	   link	   the	   metabolism	   of	   specific	   amino	  acids	   with	   the	   response	   to	   replication	   stress	   will	   have	   profound	   impact	   in	  understanding	  the	  role	  of	  Beclin	  1	  in	  human	  cancer	  and	  also	  in	  cancer	  therapy.	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Introduction 
Chapter	  1	  
DNA	  replication	  and	  DNA	  replication	  stress	  
response	  
	  
1.	  Cell	  cycle	  general	  introduction	  The	   cell	   cycle	   is	   an	   ordered	   set	   of	   events	   by	  which	   eukaryotic	   cells	   grow,	   replicate	  their	   components	   and	   organelles,	   and	   finally	   divide	   into	   two	   daughter	   cells.	  While	  they	   can	   be	   either	   phenotypically	   identical	   or	   different	   from	   each	   other,	   daughter	  cells	  must	  contain	  the	  same	  genetic	   information,	   in	  the	  form	  of	  DNA,	  as	  the	  mother,	  because	   the	   inheritance	   of	   a	   conserved	   DNA	   through	   subsequent	   generations	   is	   a	  prerequisite	   for	   species	   conservation.	   The	   cell	   cycle	   is	   classically	   divided	   into	   four	  phases,	  each	  of	  which	  accomplishes	  a	  specific	  function. 1)	  GAP1	  or	  G1	  phase	  	  During	   this	   phase,	   cells	  monitor	   their	   size,	   nutrient	   and	   growth	   factor	   availability,	  energy	  reserves,	  and	  activation	  state	  of	  signaling	  pathways	  before	  deciding	  to	  engage	  into	   a	   new	   round	   of	   division.	   Only	   when	   external	   and	   internal	   conditions	   are	  permissive,	  cells	  can	  enter	  the	  next	  phase,	  consisting	  of	  DNA	  replication	  or	  S	  phase.	  In	  the	  budding	  yeast,	   the	   transition	  point	   from	  G1	   to	  S	  phase	   is	   called	  START.	  Passing	  through	   the	   START	   is	   an	   irreversible	   process,	   and	   cells	   entering	   the	   cell	   cycle	   are	  committed	  to	  complete	  it.	  On	  the	  other	  hand,	  when	  conditions	  are	  not	  permissive,	  G1	  cells	  enter	  a	  stationary	  state,	  called	  G0,	  which	  is	  characterized	  by	  slowing	  down	  most	  metabolic	  processes	  and	  activation	  of	  survival/maintenance	  pathways.	  	  
	   9	  
2)	  Synthesis	  of	  DNA	  or	  S	  phase	  During	  this	  phase,	  cells	  initiate	  and	  complete	  DNA	  replication,	  one	  of	  the	  most	  critical	  processes	  of	  eukaryotic	  cell	  cycle.	  Major	  errors	  occurring	  during	  this	  phase	  can	  lead	  to	   cell	  death;	  on	   the	  other	  hand,	  minor	  DNA	  replication	  errors	  are	   compatible	  with	  cell	  survival	  and	  replication,	  and	  will	  be	  transmitted	  to	  the	  next	  generations,	  possibly	  causing	  pathological	  phenotypes	  and	  negative	  selection.	  Due	  to	  the	  relevance	  of	  DNA	  replication	  to	  our	  work,	  this	  process,	  together	  with	  mechanisms	  that	  eukaryotic	  cells	  have	   evolved	   to	   protect	   DNA	   from	   potentially	   dangerous	   modifications,	   will	   be	  described	  in	  more	  details	  in	  the	  next	  sections.	  3)	  GAP2	  or	  G2	  phase	  During	  this	  phase,	  cells	  go	  on	  growing	  and	  synthesizing	  new	  proteins,	  and	  also	  check	  that	   replication	  of	  DNA	  and	  other	   cellular	   components,	   including	  mitochondria	   and	  organelles,	  has	  occurred	  without	  significant	  mistakes.	  If	  this	  is	  the	  case,	  they	  initiate	  mitosis;	   	   if	  not,	   cells	   try	   to	  repair	  damaged	   intracellular	  components	  and,	   in	  case	  of	  inability	   to	   do	   so,	   they	   degrade	   irreversibly	   damaged	   components,	   especially	  organelles.	  4)	  Mitosis	  	  The	  primary	  goal	  of	  mitosis	  is	  to	  equally	  partition	  the	  duplicated	  DNA	  material,	  which	  is	  organized	  in	  chromosomes,	  into	  two	  equal	  parts,	  which	  will	  be	  inherited	  by	  the	  two	  daughter	  cells.	  Errors	  occurring	  during	  mitosis	  can	  lead	  to	  asymmetric	  inheritance	  of	  DNA,	  including	  one	  daughter	  cell	  inheriting	  more	  DNA,	  while	  the	  other	  receiving	  less	  DNA.	  The	  presence	  of	  an	  abnormal	  amount	  of	  DNA	  (both	   in	  excess	  and	  in	  defect)	   is	  known	  as	  aneuploidy,	  and	  is	  a	  dangerous	  event	  for	  both	  single	  cells,	   in	  which	  it	  can	  cause	  severe	  dysfunctions	  and	  death,	  and	  for	  multicellular	  organisms,	  it	  can	  generate	  cancer.	   At	   the	   beginning	   of	   mitosis,	   replicated	   DNA	   gets	   condensed	   into	   pairs	   of	  identical	   structures	   called	   sister	   chromatides,	   which	   are	   bound	   to	   each	   other	   by	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central	  proteinaceous	  structures	  known	  as	  centromeres.	  Then	  the	  mitotic	  spindles,	  a	  complex	  structure	  that	  is	  nucleated	  from	  centrosomes	  located	  to	  opposite	  poles	  of	  the	  cell,	   symmetrically	   attaches	   to	   centrosomes,	   and	   finally	   separates	   the	   sister	  chromatids.	   This	   process	   is	   tightly	   controlled	   by	   the	   spindle	   assemble	   checkpoint	  (SAC),	   which	  monitors	   the	   presence	   of	   correct	   attachment	   of	   chromosomes	   to	   the	  microtubule	  spindle,	  a	  prerequisite	   for	  proper	  segregation	  of	   the	  DNA	  material	   into	  two	  identical	  parts.	  After	  chromosome	  segregation,	  also	  the	  cytoplasm	  and	  organelles	  contained	   in	   the	  mother	   cell	   are	   segregated	  between	   the	   two	  daughter	   cells	  during	  the	  final	  event	  of	  mitosis	  that	  is	  known	  as	  cytokinesis.	  
	  
Figure	  1:	  Eukaryotic	  cell	  cycle	  The	   cell	   cycle	   of	   a	   eukaryotic	   cell	   is	   divided	   in	   four	   phases:	   G1	   (GAP1)	   phase,	   S	   (Synthesis	   of	  DNA)	  phase,	  G2	  (GAP2)	  phase	  and	  M	  (Mitosis)	  phase.	  	  During	  G1,cells	  monitor	  their	  size	  and	  enter	  in	  the	  next	  phase	  only	  when	  both	  environmental	  and	  internal	  conditions	  are	  favorable;	  otherwise	  they	  remain	  in	  a	  resting	  status	  called	  G0.	  During	  S	  phase,	  cells	  replicate	  their	  DNA	  material.	  In	  G2	  phase,	  cells	  grow	  in	  size	  and	  check	   if	   the	  DNA	  has	  been	  properly	  duplicated.	  Finally,	  during	  M	  phase	   the	  duplicated	  DNA	  and	  the	  other	  cellular	  components	  are	  divided	  in	  two	  identical	  daughter	  cells.	  	  	  
Figure	  adapted	  from	  Coleman	  et	  al,	  Nature	  Reviews	  Molecular	  Cell	  Biology,	  2004.	  	  	  
0
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2.	  DNA	  replication	  DNA	   replication	   is	   the	   prerequisite	   for	   transmitting	   the	   conserved	   genetic	  information	  of	  each	  eukatyotic	  cell	  to	  its	  progeny.	  If	  DNA	  replication	  does	  not	  occur,	  or	   if	   it	  occurs	   in	  an	   incomplete	  manner,	  mitosis	  cannot	  ensure	   that	  each	  of	   the	   two	  daughter	   cells	   will	   inherit	   the	   complete	   DNA	   information	   that	   is	   required	   for	   cell	  survival	   and	   for	   propagation	   of	   the	   complete	   DNA	   information	   to	   the	   next	  generations.	  DNA	  replication	   in	  eukaryotes	   is	  divided	   into	   three	   steps:	   initiation,	   elongation	  and	  termination.	  	  
2.1	  DNA	  replication	  initiation	  	  DNA	   replication	   starts	   at	   specific	   DNA	   sites	   called	   replication	   origins,	   which	   are	  characterized	   by	   conserved	   ‘’autonomous	   replicating	   sequences’’	   (or	   ARS);	   the	  replication	   machinery	   is	   specifically	   assembled	   at	   ARS,	   and	   cannot	   assemble	   at	  different	  DNA	  sites	  (Chan	  and	  Tye,	  1980;	  Stinchcomb	  et	  al.,	  1980)	  In	  eukaryotic	  cells,	  multiple	  replication	  origins	  are	  activated	  at	  the	  same	  time,	  which	  ensures	  that	  DNA	  replication	  is	  completed	  in	  a	  relatively	  low	  time	  interval.	  However,	  not	   all	   origins	   are	   activated	   contemporary,	   and	   activation	   proceeds	   in	   subsequent	  waves,	  with	  specific	  origins	  being	  contemporarily	  activated	  earlier,	  and	  some	  others	  being	   activated	   later	   (Heun	   et	   al.,	   2001;	   Raghuraman	   et	   al.,	   2001).	   The	   average	  duration	  of	  S	  phase	  in	  budding	  yeast	  cells	  is	  around	  30	  minutes	  were	  cells	  are	  grown	  at	  room	  temperature	  in	  	  nutrient-­‐rich	  	  growth	  media.	  	  Activation	  of	  DNA	  replication	  origins	  is	  a	  multistep	  process	  that	  initiates	  at	  the	  end	  of	  the	  previous	  mitosis,	  and	  culminates	  with	  the	  loading	  of	  the	  crucial	  DNA	  replication	  enzyme,	  DNA	  polymerase,	  during	  S	  phase.	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The	  first	  step	  of	  the	  process	  consists	  of	  the	  assembly	  of	  the	  so-­‐called	  Pre	  Replication	  Complex	   (Pre-­‐RC),	   resulting	   from	   the	   sequential	   recruitment	   of	   the	   Origin	  Recognition	   Complex	   (ORC),	   the	   cell	   division	   cycle	   6	   protein	   (Cdc6),	   the	   DNA	  replication	   factor	   1	   protein	   Cdt1,	   and	   the	   minichromosome	   maintenance	   (MCM)	  proteins	   Mcm2–7	   at	   the	   origin	   (Yardimci	   and	   Walter,	   2014)	   The	   ORC	   is	   a	  multisubunit	   complex	   composed	   of	   six	   proteins:	   Orc1,	   Orc2,	   Orc3,	   Orc4,	   Orc5	   and	  Orc6,	   and	   recognizes	   specific	   DNA	   sequences	   in	   the	   ARS;	   it	   serves	   as	   a	   scaffold	   to	  promote	  the	  recruitment	  of	  Ctd6	  and	  Cdt1,	  which,	  together	  with	  the	  ORC,	  are	  finally	  required	   for	   MCM	   proteins	   Mcm2–7	   loading	   (Cocker	   et	   al.,	   1996;	   Kawasaki	   et	   al.,	  2006).	  	  CDK/cyclin	  kinase	  activity	  regulates	  recruitment	  of	  the	  Pre-­‐RC	  complex	  to	  the	  ARS	  in	  a	  cell	  cycle-­‐	  and	  cyclin-­‐dependent	  way.	  At	  the	  end	  of	  Mitosis,	  inactivation	  of	  CDK	  due	  to	   the	   degradation	   of	   mitotic	   cyclins	   (Clb2	   in	   budding	   yeast	   and	   cyclin	   B	   in	  mammalian	   cells)	   allows	   the	   formation	   of	   the	   Pre-­‐RC	   complex,	   which	   remains	  assembled	   during	   G1	   phase	   (Dutta	   and	   Bell,	   1997).	   .At	   the	   transition	   from	  G1	   to	   S	  phase,	  increased	  activity	  of	  S-­‐phase	  cyclins	  (Clb	  5	  and	  Clb6	  in	  budding	  yeast,	  Cyclin	  A	  in	  mammalian	  cells)-­‐bound	  CDK	  and	  Cdc7/Dbf4	  kinases	  leads	  to	  the	  replacement	  of	  Pre-­‐RC	  complex	  by	  the	  pre-­‐Initiation	  Complex	  (pre-­‐IC)	  (Bell	  and	  Dutta,	  2002;	  Zou	  and	  Stillman,	  1998).	  The	  pre-­‐IC	   consists	  of	   the	  Pre-­‐RC	  without	  Cdc6	  and	  Cpt1,	  but	  with	  the	  acquisition	  of	   the	   initiation	  replication	  proteins	  Mcm10, Cdc45, Sld3, Dpb11 and 
GINS.	   This	   phase	   is	   completed	   by	   the	   loading	   of	   DNA	   polymerases	   together	   with	  other	  accessory	  proteins,	  such	  as	  the	  Replication	  Factor	  C	  (RFC)	  and	  the	  Proliferating	  Cell	  Nuclear	  Antigen	   (PCNA),	  which	   allow	   the	   formation	   of	   a	   complete	   biochemical	  machinery,	   also	   known	   as	   replisome	   that	   is	   required	   for	   replication	   initiation	   and	  progression	  (Mimura	  and	  Takisawa,	  1998;	  Takayama	  et	  al.,	  2003).	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2.2	  DNA	  replication	  elongation	  Because	  the	  DNA	  is	  a	  double	  helix	  composed	  of	  two	  complemetary	  strands,	  the	  first	  step	  in	  DNA	  replication	  is	  to	  unwind	  the	  double	  helix	  and	  separate	  single	  strands.	  The	  MCM	  helicase	  complex	  is	  crucialy	  involved	  in	  this	  process	  by	  breaking	  the	  hydrogen	  bonds	  that	  hold	  the	  two	  DNA	  strands	  together	  (Lohman	  and	  Bjornson,	  1996).	  Since	  the	  unwound	  DNA	  assumes	  a	  Y	  shape,	  the	  replicating	  site	  composed	  of	  the	  unwound	  DNA	   and	   the	   associated	   proteins	   is	   called	   replication	   fork.	   DNA	   unwinding	   by	   the	  helicase	   leads	   to	   the	   formation	  of	   single	   strand	  DNA,	  which	   is	  promptly	   recognized	  and	  bound	  by	  RPA	  proteins	  (Tanaka	  and	  Nasmyth,	  1998).	  RPA	  sequentially	  recruits	  Dpb11	  protein,	  which	  mediates	  the	  loading	  of	  DNA	  polymerase	  onto	  the	  DNA	  strand.	  At	  this	  point,	  the	  replisome	  can	  finally	  begin	  to	  move	  along	  the	  single	  stranded	  DNA,	  adding	  complementary	  deoxynucleotides	  (dNTPs)	  and	  synthesizing	  the	  nascent	  DNA	  strand.	  	  However,	   since	   the	   complementary	   DNA	   strands	   are	   anti-­‐parallel	   and	   because	   the	  polymerase	  synthetizes	  new	  DNA	  molecules	  only	   in	  5’	   -­‐>	  3’	  direction,	   replication	  of	  the	   leading	   strand	   (which	   is	   oriented	   in	   the	   3’	   -­‐>	   5’	   direction,	   and	   on	   which	   the	  replisome	   moves	   in	   the	   same	   direction	   of	   dNTP	   addition)	   and	   the	   lagging	   strand	  (which	   is	   5’	   -­‐>	   3’	   oriented,	   and	   on	   which	   the	   replisome	   moves	   in	   the	   opposite	  direction	  of	  dNTP	  addition)	  occurs	  in	  different	  ways	  (Bell,	  2006).	  On	   the	   leading	  strand,	   replication	  proceeds	  continuously,	  with	   the	  DNA	  polymerase	  progressively	  adding	  complementary	  dNTPs.	  On	  this	  strand,	  DNA	  replication	  begins	  as	   a	   single	   event	   by	   Polymerase	  α	   primase	   complex	   (Pol	  α),	   formed by the RNA 
polymerase and the DNA polymerase α, which synthesizes an 
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DNA segment,	  and	  then	   is	  carried	  out	  by	  the	  Polymerase	  ε	   (Pol	  ε)	   	   (Pursell	  et	  al.,	  2007).	  On	   the	   lagging	   strand,	   DNA	   replication	   instead	   proceeds	   in	   a	   fragmented	  way,	   and	  requires	  the	  preliminary	  synthesis	  of	  small	  RNA	  primers,	  by	  Pol	  α.	  	  Each	  RNA	  primer	  	  serves	   a	   template	   for	   the	   activity	   of	   a	   second	   polymerase,	   named	   Pol	  δ	   ,	   which	  synthesizes	  DNA	  between	  two	  subsequent	  RNA	  primers.	  In	  this	  way,	  the	  polymerase	  gives	  rise	  to	  the	  formation	  of	  fragments	  composed	  by	  an	  alternation	  of	  RNA	  and	  DNA,	  which	   are	   known	   as	   Okazaki	   fragments.	   Pol	  δ	   is	   part	   of	   the	   same	   replisome,	   but	  synthesizes	  DNA	   in	   the	  opposite	  direction	   to	   the	  Polymerase	  on	   the	   leading	  strand.	  When	  the	  Pol	  δ	  	  has	  replicated	  the	  DNA	  comprised	  between	  two	  subsequent	  Okazaki	  fragments,	  then	  displaces	  the	  RNA	  primer	  and	  finally	  replicates	  the	  ssDNA	  region	  that	  was	  previously	  occupied	  by	  the	  primer	  (Burgers,	  2009).	  The	  displaced	  RNA	  primer	  is	  finally	  processed	  by	  proteins	  such	  as	  exonucleases	  Fen1,	  Exo1	  and	  Dna2.	  	  Because	  each	  of	  the	  two	  nascent	  double	  DNA	  helices	  contains	  one	  old	  and	  one	  newly	  synthesized	   strand,	   DNA	   replication	   is	   defined	   a	   conservative	   process	   (Garg	   et	   al.,	  2004).	  
	  
2.3	  DNA	  replication	  termination	  Termination	   of	   DNA	   replication	   occurs	   when	   two	   replication	   forks	   coming	   from	  adjacent	   fired	   origins	   merge	   together	   (Edenberg	   and	   Huberman,	   1975).	   The	  termination	  of	  replication	  is	  a	  poorly	  understood	  process.	  While	   in	   prokaryotes	   replication	   termination	   occurs	   on	   specific	   sites	   of	   genome	  (Neylon	  et	  al.,	  2005),	   in	  eukaryotes	   it	   is	  not	  yet	   clear	   the	   requirement	  of	   such	  DNA	  sequence.	   	   In	  bacteria,	   the	  termination	  site	   is	  recognised	  and	  bound	  by	  Tus	  protein,	  which	  functios	  to	  block	  the	  DNA	  replication	  fork	  (Skokotas	  et	  al.,	  1994).	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3.	  Replication	  stress	  Faithful	  DNA	  replication	  requires	  that	  the	  replicative	  forks	  are	  stable	  and	  progress	  on	  DNA	   strands	   without	   physical	   and	   chemical	   impediments.	   The	   timely	   and	  unperturbed	  progression	  of	  replication	  forks	  is	  essential	  for	  proper	  DNA	  replication,	  which	  physiologically	  proceeds	  from	  different	  firing	  origins	  in	  a	  coordinated	  fashion	  (Raghuraman	  et	  al.,	  2001).	  As	  a	  consequence,	  slowing	  down	  or	  arresting	  replication	  fork	   progression	   even	   at	   a	   few	   replication	   sites	   can	   interfere	  with	   the	  whole	   DNA	  replication	   process,	   possibly	   resulting	   in	   the	   formation	   of	   pathological	   structures,	  unfaithful	  DNA	  replication	  or	  accumulation	  of	  physical	  or	  chemical	  damage	  (Branzei	  and	  Foiani,	  2010).	  Replication	   stress	   refers	   to	   any	   cause	   of	   delay	   or	   arrest	   of	   replication	   fork	  progression	   during	   DNA	   replication	   at	   one	   or	   more	   sites.	   Qualitatively	   different	  causes	   of	   replicative	   stress	   exist,	   and	   they	  will	   be	   briefly	   analysed	   in	   the	   following	  paragraphs.	  
3.1	  Primary	  topological	  constraints	  Higher	   order	   DNA	   structures,	   including	   DNA	   supercoilings	   that	   are	   generated	   as	   a	  consequence	   of	   torsional	   stress	   accumulation,	   and	   protein-­‐DNA	   adducts,	   can	   cause	  physical	   impediments	   to	   replicative	   fork	   progression	   (Azvolinsky	   et	   al.,	   2006;	  Bermejo	  et	  al.,	  2007;	  Ivessa	  et	  al.,	  2003;	  Labib	  and	  Hodgson,	  2007).	  Several	  causes	  can	  determine	   the	   formation	   of	   such	   impediments.	   For	   example,	   inhibition	   of	   DNA	  topoisomerases,	  enzyme	  needed	  to	  resolve	  torsional	  stress,	  leads	  to	  accumulation	  of	  torsional	   stress	   ahead	   of	   the	   replication	  machinery,	  which	   causes	   the	   formation	   of	  positive	   supercoilings.	   Unless	   the	   impediment	   is	   resolved,	   progression	   of	   the	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replicative	   fork	   is	  slowed	  down	  or	  completely	  arrested	  at	   the	  site	  of	   the	  topological	  constraint	  (Bermejo	  et	  al.,	  2007).	  	  
3.2	  DNA	  damage	  Not	   all	   types	   of	   DNA	   alterations	   induce	   replicative	   stress.	   For	   instance,	   base	  substitutions	  or	  deletions	  do	  not	   cause	  any	  physical	   impediment	   to	   replicative	   fork	  progression,	  and	  are	  not	  sensed	  by	  the	  replicative	  machinery	  as	  an	  obstacle	  to	  DNA	  replication.	  On	  the	  other	  hand,	  DNA	  alterations	  that	  result	  in	  the	  formation	  of	  three-­‐dimensional	   structures	   that	   interfere	  with	  progression	  of	   the	   replicative	  machinery	  halt	   replication	   progression	   and	   promptly	   activate	   a	   replication	   stress	   response	  (Branzei	  and	  Foiani,	  2010).	  DNA-­‐topoisomerase	  adducts,	  intra-­‐strand	  or	  inter-­‐strand	  DNA	  crosslinks	  induced	  by	  intercalating	  agents	  such	  as	  cisplatin,	  or	  base-­‐adducts	  as	  caused	   by	   methylmethansulphonate	   or	   MMS	   can	   all	   physically	   impair	   proper	  replicative	  fork	  progression	  (Tercero	  and	  Diffley,	  2001).	  Some	   of	   these	   mechanisms	   are	   commonly	   used	   as	   therapeutic	   strategies	   during	  antitumor	  chemotherapy	   to	  selectively	  cause	  replication	  stress	  and	  DNA	  replication	  arrest	  in	  highly	  proliferating	  cancer	  cells	  (Cheung-­‐Ong	  et	  al.,	  2013).	  	  
	  
3.3	  Conflicts	  between	  DNA	  replication	  and	  transcription	  DNA	   replication	   and	   transcription	   serve	   completely	   different	   purposes,	   but	   both	  involve	  the	  use	  of	  a	  template	  DNA	  region	  to	  produce	  a	  complementary	  DNA	  strand	  or	  a	   messenger	   RNA	   molecule,	   respectively.	   These	   two	   processes	   are	   carried	   out	   by	  different	   enzymatic	   complexes,	   namely	   DNA	   polymerase	   and	   RNA	   polymerase	  complexes;	   moreover,	   only	   discrete	   regions	   of	   the	   DNA	   are	   used	   as	   templates	   to	  produce	  mRNA.	  Despite	  these	  differences,	  DNA	  replication	  and	  transcription	  are	  not	  separated	   in	   time.	   Indeed,	  while	  DNA	   replication	  only	  occurs	  during	  S-­‐phase	  of	   the	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cell	   cycle,	   transcription	   can	   occur	   during	   any	   phase,	   including	   S-­‐phase.	   As	   a	  consequence,	  the	  same	  DNA	  region	  can	  serve	  as	  a	  template	  for	  DNA	  or	  RNA	  synthesis	  during	  S-­‐phase,	  and	  the	  DNA	  and	  RNA	  polymerase	  machineries	  contemporarily	  work	  in	   proximal	   DNA	   regions,	   sometimes	   competing	   for	   the	   same	   DNA	   template.	   As	   a	  consequence,	   physical	   contacts	   or	   clashes	   between	   DNA	   and	   RNA	   polymerase	  machineries	   can	   induce	   a	   sudden	   arrest	   of	   their	   progression,	   acutely	   inducing	   a	  replication	  stress	  response	   (Azvolinsky	  et	  al.,	  2009;	  Deshpande	  and	  Newlon,	  1996).	  Other	   interactions	   between	   replication	   and	   transcription	   consist	   of	   topological	  constraints	  caused	  by	  torsional	  stress	  created	  by	  progression	  of	  the	  two	  machineries,	  or	   formation	   of	   DNA-­‐RNA	   hybrids	   that	   can	   inhibit	   proper	   DNA	   polymerase	  progression	  (Alzu	  et	  al.,	  2012).	  
	  
3.4	  Inhibition	  of	  DNA	  synthesis	  DNA	  synthesis	  arrest	  as	  caused	  by	  depletion	  of	  DNA	  units	  (deoxyribonucleotides	  or	  dNTPs)	  or	  inhibition	  of	  enzymes	  involved	  in	  the	  replication	  process	  can	  cause	  direct	  arrest	  of	  replication	  forks.	  In	  these	  cases,	  replication	  stress	  is	  induced	  in	  the	  absence	  of	  physical	  impediments	  to	  replication	  fork	  progression.	  For	  example,	  the	  antitumor	  compound	   hydroxyurea	   (HU)	   causes	   replication	   fork	   arrest	   by	   inhibiting	   the	  multisubunit	   enzyme	   ribonucleotide	   reductase	   (RNR),	   which	   transforms	  ribonucleotides	  into	  dNTPs	  that	  are	  then	  incorporated	  into	  nascent	  DNA	  (Kunz	  et	  al.,	  1994;	  Lopes	  et	  al.,	  2001).	  HU	  is	  currently	  used	  to	  reduce	  peripheral	  blood	  cell	  counts	  in	   some	   chronic	   myeloproliferative	   diseases,	   including	   Polycythemia	   Vera	   and	  Essential	  Thrombocythemia	  (Campbell	  and	  Green,	  2005).	  	  The	  different	  types	  of	  physical	  (DNA	  supercoilings,	  DNA-­‐protein	  adducts)	  or	  chemical	  (inhibition	   of	   dNTP	   synthesis)	   insults	   that	   arrest	   the	  progression	   of	   the	   replication	  machinery	   finally	   induce	  the	  generation	  of	  extended	  segments	  of	  single	  strand	  DNA	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(ssDNA).	   	   The	   presence	   of	   ssDNA	   is	   the	   crucial	   signal	   that	   activates	   the	   replicative	  stress	  checkpoint,	  which	  responds	  not	  only	  to	  the	  presence	  of	  damaged	  DNA	  sites,	  but	  to	   any	   environmental,	  metabolic	   or	   pharmacological	   condition	   that	   impairs	   proper	  progression	   of	   DNA	   replication	   forks	   during	   S	   phase	   (Sogo	   et	   al.,	   2002;	   You	   et	   al.,	  2002;	  Zou	  and	  Elledge,	  2003).	  The	  replication	  stress	  checkpoint	  serves	  the	  purpose	  of	  preventing	   the	   accumulation	   of	   pathological	   DNA	   structures	   that	   could	   induce	   cell	  death	  or	  the	  propagation	  of	  massive	  DNA	  aberrations	  to	  newborn	  cells	  (Branzei	  and	  Foiani,	  2009;	  Labib	  and	  De	  Piccoli,	  2011).	  	  
	  
4.	  Replication	  stress	  checkpoint	  The	  replication	  stress	  checkpoint	  cascade	  is	  initiated	  at	  ssDNA	  sites	  in	  the	  presence	  of	  intact	  forks;	  the	  RPA	  complex,	  which	  is	  composed	  of	  the	  Rfa1,	  Rfa2	  and	  Rfa3	  proteins,	  assemble	  at	  ssDNA	  and	  stimulates	  Ddc2-­‐mediated	  recruitment	  of	  the	  essential	  Mec1	  kinase,	   which	   in	   turn	   transduces	   the	   checkpoint	   signal	   to	   its	   downstream	  components,	  including	  the	  replication	  fork	  protein	  Mrc1	  (Alcasabas	  et	  al.,	  2001;	  Zou	  and	   Elledge,	   2003).	   These	   initial	   events	   of	   the	   checkpoint	   cascade	   occur	   at	   stalled	  replication	  forks	  and	  finally	  converge	  on	  the	  activation	  of	  the	  Rad53	  serine/threonine	  kinase,	   the	   central	   player	   of	   the	   pathway,	   which	   transduces	   the	   checkpoint	   signal	  throughout	  the	  nucleus	  and	  outside	  (Branzei	  and	  Foiani,	  2006;	  Smolka	  et	  al.,	  2007).	  Yeast	  cells	  that	  are	  deleted	  for	  MEC1	  or	  RAD53	  genes	  die	  under	  different	  replication	  stress	   conditions,	   thus	   indicating	   the	   crucial	   role	   of	   Mec1	   and	   	   Rad53	   checkpoint	  response.	   Rad53	   is	   activated	   at	   the	   site	   of	   stalled	   forks	   trough	   phosphorylation	   of	  multiple	  serine/threonine	  sites;	  Rad53	  phosphorylation	   is	  catalyzed	  by	  Mec1,	  Mrc1,	  the	   same	   or	   different	   Rad53	   molecules	   (trans-­‐autophosphorylation)	   (Pellicioli	   and	  Foiani,	   2005;	   Sun	   et	   al.,	   1996).	   Fully	   phosphorylated	  Rad53	   in	   turn	   propagates	   the	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checkpoint	   response	   to	   crucial	   downstream	   targets,	   which	   are	   implicated	   in	   DNA	  replication,	  DNA	  repair,	  and	  checkpoint	  response.	   In	   this	  way,	   the	  replication	  stress	  checkpoint	  protects	  cells	  from	  the	  deadly	  consequences	  of	  replication	  stress	  through	  at	   least	   four	   mechanisms:	   stabilization	   and	   protection	   of	   stalled	   replication	   forks,	  inhibition	  of	  further	  replication	  origin	  firing,	  increase	  of	  dNTP	  synthesis	  and	  repair	  of	  damaged	  DNA.	  Rad53	  contributes	  to	  mediating	  all	  these	  responses,	  thus	  it	  is	  an	  essential	  component	  of	  the	  checkpoint	  (Branzei	  and	  Foiani,	  2006;	  Jossen	  and	  Bermejo,	  2013).	  	  
4.1	  Stabilization	  of	  replication	  forks	  Stalled	   replication	   forks	   are	   unstable	   structures	   that	   are	   at	   risk	   of	   loosing	   their	  integrity	   and	   undergoing	   the	   so-­‐called	   “collapse”,	   which	   can	   give	   rise	   to	   massive	  chromosomal	   rearrangements	   that	   are	   lethal	   for	   cells	   or	   their	   daughters.	   Among	  pathological	   replication	   intermediates,	   including	   reversed	   forks,	   which	   consist	   of	  four-­‐way	  DNA	  junctions	  deriving	  from	  the	  accumulation	  of	  torsional	  stress	  at	  stalled	  unstable	   forks	   (Cotta-­‐Ramusino	   et	   al.,	   2005).	   Yeast	   cells	   that	   lack	   functional	  checkpoint	   components	   rapidly	   accumulate	   reversed	   forks	   and	   consequently	   die	  under	   replication	   stress	   (Lopes	   et	   al.,	   2001;	   Sogo	   et	   al.,	   2002;	   Tercero	   and	   Diffley,	  2001).	   Stabilizing	   stalled	   forks	   is	   therefore	   crucial	   to	   prevent	   the	   formation	   of	  pathological	   structures	   and	   to	   guarantee	   that	   the	   replicative	   machinery	   can	  physiologically	   restart	  once	   the	  agent	   causing	   their	  arrest	   is	   removed	  or	   cell	   adapt.	  Maintaining	  fork	  stability	  during	  replication	  arrest	  is	  also	  believed	  to	  prevent	  tumor	  formation	  in	  multicellular	  organisms	  by	  inhibiting	  the	  propagation	  of	  damaged	  DNA	  to	   newborn	   cells	   (Kastan	   and	   Bartek,	   2004).	   It	   has	   ben	   suggested	   that	   Rad53	  counteracts	   forck	   collapse	   by	   repressing	   transcription	   of	   tRNA	   genes,	   and	  consequently	   preventing	   the	   clashing	   of	   replication	   forks	   with	   the	   transcriptional	  machinery	  (Nguyen	  et	  al.,	  2010).	  In	  particular,	  under	  HU-­‐	  or	  MMS-­‐induced	  replication	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stress,	   Rad53	   partially	   dephosphorylates	   Maf1,	   which	   then	   inhibits	   Pol-­‐III	  recruitment	  at	  the	  tRNA	  promoter.	  	  Rad53	  has	  also	  been	  involved	  in	  attenuating	  the	  accumulation	  of	  positive	  supercoiling	  at	  sites	  of	  fork	  stalling,	  in	  particular	  at	  fixed	  sites	  at	  the	  Nuclear	  Pore	  Complex	  (NPC)	  where	  DNA	   replication	   and	   transcription	   contemporarily	   occur.	   At	   the	  NPC,	   Rad53	  phosphorylates	  the	  Mlp1	  nucleoporin,	  thus	  reducing	  transcription	  mediated	  by	  RNA	  polymerase	  II	  during	  replication	  stress.	  This	  reduces	  the	  formation	  of	  torsional	  stress	  and	  the	  risk	  to	  induce	  pathological	  DNA	  structure	  formation	  (Bermejo	  et	  al.,	  2011).	  
4.2	  Inhibition	  of	  origin	  firing	  Inhibition	  of	  further	  origin	  firing	  during	  replication	  stress	  is	  crucial	  for	  the	  following	  reasons:	   a)	   replication	   consumes	   dNTPs,	   which	   are	   also	   essential	   for	   DNA	   repair	  under	  different	  replication	  stress-­‐inducing	  conditions;	  avoiding	  firing	  of	  new	  origins	  allows	   the	   existing	   dNTP	   molecules	   to	   be	   used	   at	   sites	   of	   DNA	   damage;	   b)	   dNTP	  insufficiency	  can	  be	  the	  primary	  cause	  of	  replication	  stress	  induction,	  such	  as	  during	  HU	   treatment;	   c)	   in	   the	   presence	   of	   physical	   or	   chemical	   conditions	   that	   primarily	  induce	  DNA	  damage	  or	  replication	  stress	  conditions,	  newly-­‐firing	  origins	  would	  likely	  generate	   new	   sites	   of	   fork	   stalling	   and	   replication	   stress.	   These	   sites	   could	   also	  compete	   with	   already	   existing	   sites	   by	   subtract	   dNTPs,	   other	   metabolites	   or	  checkpoint	  proteins.	  This	  competition	  could	  aggravate	  replication	  stress	  and	   favour	  the	  appearance	  of	  pathological	  structures.	  	  	  For	   all	   these	   reasons,	   cells	   need	   to	   prevent	   new	   origins	   from	   firing	   during	   the	  activation	   of	   the	   replication	   stress	   response	   (Zegerman	   and	   Diffley,	   2010).	   Once	  activated	  by	  the	  Mec1-­‐induced	  phosphorylation	  cascade,	  Rad53	  phosphorylates	  and	  inhibits	   the	  Dbf4	   kinase,	  which	  promotes	   origin	   firing	   through	   the	  Dbf4-­‐dependent	  kinase	   (DDK),	   and	   Sld3,	   which	   promotes	   CDK-­‐induced	   stimulation	   of	   replicative	  origin	  firing	  during	  S	  phase	  (Zegerman	  and	  Diffley,	  2010).	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4.3	  Increase	  of	  dNTPs	  synthesis	  dNTPs	  are	  not	  only	  required	  for	  proper	  DNA	  replication,	  but	  also	  contribute	  to	  stalled	  fork	   stabilization	   and	   DNA	   repair.	   For	   these	   reasons,	   modulating	   levels	   of	  intracellular	   dNTPs	   is	   a	   crucial	   function	   of	   replication	   stress	   checkpoint	   during	  replicative	  stress.	  The	   cytoplasmic,	   multisubunit	   RNR	   enzyme,	   which	   catalyzes	   the	   limiting-­‐step	  reaction	   of	   dNTP	   production	   from	   ribonucleotides,	   is	   composed	   of	   the	   cytoplasmic	  Rnr1	  catalytic	  subunit,	  and	  the	  Rnr2,	  Rnr3	  and	  Rnr4	  subunits.	  Rnr1	  is	  inhibited	  by	  the	  small	   protein	   Sml1,	   which	   is	   cell-­‐cycle	   regulated	   and	   reaches	   its	   lower	   protein	  concentration	   during	   S	   phase	   (Chabes	   et	   al.,	   1999).	   The	   Rnr2	   and	   Rnr4	   subunits	  assemble	  in	  the	  Rnr2-­‐Rnr4	  sub-­‐complex	  that	  can	  either	   localize	  in	  the	  nucleus	  or	   in	  the	  cytoplasm	  (Yao	  et	  al.,	  2003).	  The	  cytoplasmic	  localization	  of	  the	  Rnr2-­‐Rnr4	  sub-­‐complex	   is	   essential	   for	   binding	   Rnr1	   and	   assembling	   the	   whole	   cytoplasmic	   RNR	  complex	  and	  dNTP	  synthesis.	  	  During	   replication	   stress,	   Rad53	   is	   crucially	   involved	   in	   up-­‐regulating	   dNTP	  production	   by	   phosphorylating	   and	   activating	   the	   checkpoint	   effector	   kinase	  Dun1.	  Rad53-­‐phosphorylated	   Dun1	   in	   turn	   a)	   phosphorylates	   Sml1	   and	   induces	   its	  degradation,	   thus	   relieving	   Sml1-­‐mediated	   inhibition	   of	   Rnr1	   (Zhao	   and	   Rothstein,	  2002);	  b)	  favours	  the	  re-­‐localization	  of	  Rnr2-­‐Rnr4	  sub-­‐complex	  to	  the	  cytoplasm	  by	  phosphorylating	   and	   inhibiting	   Dif1,	   which	   binds	   to	   Rnr2-­‐Rnr4	   and	   keeps	   it	  sequestered	   into	   the	   nucleus	   (Yao	   et	   al.,	   2003);	   c)	   phosphorylates	   and	   inhibits	   the	  transcriptional	   repressor	   Rfx1	   also	   called	   Crt1,	  which	   inhibits	   transcription	   of	  RNR	  genes	  (Huang	  et	  al.,	  1998;	  Zhou	  and	  Elledge,	  1993).	  In	  this	  way,	  Dun1	  activates	  RNR	  by	   acting	   at	   different	   levels	   (inhibitory	   binding,	   gene	   transcription,	   protein	  localization),	   with	   the	   final	   result	   that	   during	   replication	   stress,	   dNTP	   levels	   are	  around	  four-­‐fold	  higher	  than	  during	  unperturbed	  S	  phase	  progression.	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  The	  importance	  of	  Rad53-­‐mediated	  activation	  of	  RNR	  during	  replication	  is	  supported	  by	  the	  fact	  that	  RAD53	  deletion	  is	  lethal	  also	  in	  the	  absence	  of	  replication	  stress,	  and	  SML1	   deletion	   can	   rescue	   viability	   of	   RAD53-­‐deleted	   cells	   by	   up-­‐regulating	   RNR	  activity	  (Zhao	  et	  al.,	  1998).	  	  
	  
Figure	  2:	  Activation	  of	  replication	  stress	  checkpoint	  increases	  dNTP	  levels	  during	  replication	  
stress	  through	  different	  mechanisms	  During	  replication	  stress,	  Rad53	  is	  activated	  through	  phosphorylation,	  thus	  leading	  to	  phosphorylation	  and	   activation	   of	   its	   downstream	   Dun1	   kinase,	   which	   upregulates	   dNTP	   levels	   through	  phosphorylation	  of	  different	  targets.	  First,	  Dun1	  phosphorylates	  Sml1,	  thus	  promoting	  its	  degradation,	  and	  releaving	  Rnr1	  (the	  catalytic	  subunit	  of	  RNR)	  from	  Sml1	  inhibition.	  Second,	  Dun1	  phosphorylates	  and	   inhibits	   the	   transcriptional	   repressor	  Rfx1,	   thus	   	  promoting	   the	   transcription	  of	   genes	  encoding	  other	  RNR	  subunits	  (e.g.	  Rnr2,	  Rnr3	  and	  Rnr4).	  Finally,	  Dun1	  phosphorylates	  Dif1,	  thus	  promoting	  its	  degradation,	  which	  favors	  the	  nuclear	  import	  of	  Rnr2-­‐Rnr4	  subunits.	  	  
Figure	  adapted	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  Tsaponina	  et	  al,	  Plos	  Genetics,	  2011.	  	  	  
	  
	  
	  
(Figure 3A, lanes 1–3). Rnr2 levels were not significantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sensitive anti-HA antibodies, but not with the
polyclonal anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 both in ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, while Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, but to a lower level compared to wild-type
(Figure 4B). The ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotypes associated with decreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still elevated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is not only due to a decreased dNTP production,
but also due to some other defects.
Levels of Rnr1 in ixr1 decrease after DNA damage
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased levels in ixr1D and in ixr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 mi lanes)). As expected, incubation of wild-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interesti gly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
continuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively affects RNR1 transcription
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figur 1. M c1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotide reductase. The activated Dun1 kinase relieves
inhibition of RNR by targe ing the transcri ti nal repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figure 3A, lan s 1–3). Rnr2 levels were not significantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sensitive anti-HA antibodies, but not with the
polyclonal anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulte in hyperphosphorylation f Rad53 both in ixr1D and wild-
type, leading to a s ift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and nr4 levels in ixr1D are
Rad53 dep n ent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, while Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage in uction by
4-nitroqui oline 1-oxide (4 NQO) resulted in an increase in dNTP
concentration in ixr1D, but to a lower level compar d t wild-type
(Figure 4B). The ixr1D mutant exhibited an incr ased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenoty es associated with ecreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still elevated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is not only due to a decreased dNTP production,
but also due to some other defects.
Levels of Rnr1 in ixr1 decrease after DNA damage
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased levels in ixr1D and in ixr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As expected, incubation of wild-type cells in the
presence f 4-NQO or HU for two hours led t an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatme t of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
c ntinuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively affects RNR1 transcription
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are du to lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 als caused a
concomitant increase in RNR3 and RNR4 promote activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotide re uctase. The activated Dun1 kinase relieves
inhibition of RNR by targeting the tr nscriptional repressor Crt1(Rfx1)
and pr tein i hibitors Sml1 nd Dif1.
doi:10.1371/journal.pgen.100206 .g001
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(Figure 3A, lanes 1–3). Rnr2 lev ls were not significantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-R 5 -Dun1 pathw y in ixr1 strains was not maximal;
exposure to DNA damaging agents further i creased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sensitive anti-HA antibodies, b t not with the
polyclonal anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 a Rnr4 in resp nse to DNA
damage was identical in the ixr1 and wild-type strains, indicati g
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 both in ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activat r of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP level are lower i the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchang d (R r2) in ixr1D, while Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4- itroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
co centratio in ixr1D, but to a lower level compared to wild-type
(Figure 4B). The ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotype ssociated with decreased dNTP production [5].
Interesti gly, although the NTP lev ls wer higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still elevated
to the sam levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway i ixr1D is not only due o a decreased dNTP production,
but also due to some other defects.
Lev ls of Rnr1 in i r1 decre se after DNA damage
The paradoxical finding that dNTP pools decreased despite the
activatio of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased levels in ix 1D and in ixr1-S366F compared
to wild-type (,64%, and 62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As expected, incubation of wild-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
continuous; Rnr1 lev ls remaine lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric an lysis, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation ra was similar between ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively affects RNR1 transcription
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figur 1. M c1-Rad53-Du 1–dependent regulation of S. ce e-
visiae ribonucleotide reductase. The activated Dun1 kinase relieves
inhibition of RNR by targ ting the transcript onal repressor Crt1(Rfx1)
and prot in inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figure 3A, lanes 1–3). Rnr2 levels were not significantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect a
increase in Rnr3-HA lev ls in the undamaged ixr1D strain only
with the more sensitiv anti-HA antibodies, but not with th
polyclonal anti-Rnr3 antibodies, als indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 and Rnr in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec -Rad53-Dun1 pathway was not com romise in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
th Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 both in ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and Rnr4 levels in ixr1D are
Rad53 depend nt. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional in uction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, while Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, but to a lower level compared to wild-type
(Figure 4B). The ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotypes associated with decreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still elevated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is not only due to a decreased dNTP production,
but also due to some other defects.
Levels of Rnr1 in ixr1 decrease after DNA dama e
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased levels in ixr1D and in ixr1-S366F compa ed
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As expected, incubation of wild-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
continuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar be we n ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, if1, and Crt1.
Deletion of IXR1 negatively affects RNR1 transcrip ion
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotide reductase. The activated Dun1 kinase relieves
inhibition of RNR by targeting the transcriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figure 3A, lanes 1–3). Rnr2 levels were not significantly changed
i ixr1D com ared to wild-type (Fig re 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure DNA dam gi g gents furt r increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were abl to detect an
increas in Rnr3-HA levels in the undamaged ixr1D strai only
with the more sensitive anti-HA antibodies, ut n with th
polyclonal anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, in icating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 both in ixr1D and wild-
type, leading to a shift f the Rad53 ban (Figure 3D).
N vertheless, the incre sed Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchang d (Rnr2) in ixr1D, while Sml1 levels are
decr ased, dNTP levels ight have been el vated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figur 4A). Similarly, NTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitr quinoline -oxide (4-NQO) resulted in an increase in dNTP
co centrati in ixr1D, b t to a low r level compared to wil -type
(Figur 4B). The ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotypes associated with decreased dNTP production [5].
d e e
than in ild type, nr3 and nr4 in ixr1 s l1 ere still elevated
to the same level s in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D i no only ue to a decreased dNTP production,
but lso due to some other defects.
Lev ls of Rnr1 in ixr1 dec ase after DNA damage
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1- ad53-Dun1 pathway in ixr1 ins
indicates a d ficiency in another component(s) of the RNR
machi ery. Analysis of Rnr1 steady state levels demonstrated
mo erately decreased levels in ixr1D and in ixr1-S366F compared
to wild-type ( 64 , ,62% respectively) (Figure 5 , 5B, and
5C (0 min lanes)). As xp cted, incubation of wild-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
I terestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduc of Rnr1 to ,19% and ,37%, resp ctively, after
4-NQO treatme t, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
c ntinuous; Rnr1 levels r mained lower in ixr1D throughout a 12-
hour incubati n with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly gr ater
proportio of cells in S ph se compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 level caus d by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively affects RNR1 transcription
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activ ty, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucl otide reductase. The activated Dun1 k ase relieves
inhibition f RNR by targeting the transcriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figure 3A, la es 1–3). Rnr2 levels wer ot sig ifica tly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-D n1 p thway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 lev ls (Figure 3A and 3B). We were able to det ct an
increase in Rnr3-HA levels in the un amaged ixr1D strain only
with the more sensitive anti-HA a tibodies, bu not with the
polyclonal anti-Rnr3 ntibodies, also indicating that the Mec1-
Rad53-Dun1 pathway ctiv tion is low (Figur S1A). Imp rtantly,
the elevation of Rnr2, Rnr3 an Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
muta ts. Sml1 levels were ecreased in ixr1, again sugge ting that
the Mec1-Rad53-Dun1 pathway w s activated (Figure 3C). We
did not observ a mobil ty shift of the Rad53 ba d in ixr1D,
indicating low ctivation of the M c1-Rad53- u 1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 b th n ixr1D a d wild-
type, l adi g to shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and R r4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not f DUN1, abolished
upregulation of Rnr3 and Rnr4 n the ix 1D strain (Figure 3E). We
interpret this res lt to mean that Rad53 can take over the Du 1
functio and activate Rnr3 and Rnr4 expr ssion in ixr1D when
DUN1 is deleted, but ot vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
tra scriptional induction was observe earlier, n it was
suggested that ad53 can directly recognize Du 1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator f Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA dam ge.
dNTP lev ls are lower in the ixr1D rain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (R r2) in ixr1D, while Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D w re
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
co centration in ixr1D, but to a lower level compared to wild-type
(F gure B). The ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) n sensitivity to HU (Figure 4D), two
phenotypes associated with decreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still elevated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observa ion indicat s th t activati n of the Mec1-R d53-Dun1
pathway i ixr1D is not only due o a decreased dNTP production,
but also due o some other defects.
Levels of Rnr1 in ixr1 decrease afte DNA damage
The paradoxical finding th t NTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency i another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased lev ls in ixr1D and n ixr1-S366F compared
to wild-type ( 64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As exp cted, incuba ion of w ld-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction f Rnr1 to ,19% n ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU tre tment (Figure 5A and 5B). This re u tion was
continuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric an lysis, the ixr1D strain had a slightly greater
proportion of c lls in S ph se compared to wild-type both before
and during 4-NQO treatment (Figure 5C), lthough the overall
prolifera ion rate was similar between ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively aff cts NR1 transcrip ion
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletio of IXR1 also caus a
c comitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 pr tein levels (Figure 3A). To gain further insight into the
echanism of RN 1 regulati n by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9x c fusion protein and 9E1 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addi ion, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. e 1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribo l tide reductase. The activated Du 1 kinase relieves
nh bit o of y targeting the transcriptional rep essor Crt1(Rfx1)
and protein i itors Sml1 and Dif1.
doi:10.1371/j r l.pgen.1 02061.g001
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(Figure 3A, lan s 1–3). Rnr2 l ve s were not significan ly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposu e to DNA damaging a ents fur her increased Rnr2, Rnr3
and Rnr4 levels (Fig re 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sensitive anti-HA antibodies, but no with the
polyclonal anti-Rnr3 antibodies, also indicating t at the Mec1-
Rad53-Dun1 pathway activation is low (Figur S1A). Importantly,
th elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Fig re 3D). The full activation of the checkpoi t by DNA damage
resulted in hyperphosphorylation of R d53 bot in ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and Rnr4 lev ls in ixr1D are
d53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregul tio of Rnr3 and nr4 in the ixr1D strain (Figure 3E). We
interpr t this result to mean that Ra 53 can take over the Dun1
unct on and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is del ted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-indep ndent pathway fo RN
transcriptional induction was observed earlier, and it was
suggested that Rad53 can di ectly recognize Dun1 substrates
[12]. Alter atively, Rad53, and n t Dun1, could be the ain
activ tor of Rnr3 a d Rnr4 expression i the ixr1D strain in the
bsence of DNA damage.
dNTP levels are lower in the ixr1D stra compa ed to
wild-type
B cause the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, while Sml1 levels are
decreased, the dNTP l vels might have been elevated in the ixr1
strains; however, dNTP l vels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, but to a lowe level compared to wild-type
(Figure 4B). The ixr1D muta t exh bited an increased frequency f
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotypes a s ciated with decreased dNTP production [5].
Interest ngly, although the dNTP levels were higher in ixr1D sml1D
than in wild typ , Rnr3 a d Rnr4 in ixr1D sml1D were still elevated
to the same leve s as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pa hway in ixr1D is not only due to a decreased dNTP roduction,
but also due to ome other defe s.
Levels of Rnr1 in ixr1 decrease after DNA damage
The p radoxical finding t at NTP pools decreased despite the
ctivation of the Mec1-Rad53-Dun1 pathw y in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately decreased levels i ixr1D and in ixr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As expected, incubati n of wild-type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
continuous; R levels remained lower in ix 1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly greater
proportion of cells in S phase c mpared t wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wild-type
(Figure 5D).
Th d creased Rnr1 levels cau ed by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
relieving the inhibiti n of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 negatively affects RNR transcription
Using a b-galactosidase ssay we demonstrated that the
decreased R r1 levels in ixr1D are due to a lower RNR1 promoter
activity, hich indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increas in RNR3 n RNR4 promoter activities
(Figure 6A), i agre ment with th observed c ease in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain f rther insight into the
mec anism of RNR1 regulatio by Ixr1, we performed chromatin
immun precipitatio (ChIP) experim nts followed by qPCR using
Ixr1-9xMyc fusion p ot in and 9E10 antiserum. We analyzed
binding of Ixr1 to the RN 1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) egion earlier
identified as an Ixr1-interacting locus [27] a d the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotid reductase. The activated Dun1 kinase r lieves
inhibition of RNR by targeting the transcriptional repressor Crt1(Rfx1)
nd p otei inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Fig re 3A, lanes 1–3). Rnr2 levels were not sign ficantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sens tive anti-HA antibodies, but ot with the
polyclo al anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). I portantly,
the levation of Rnr2, Rnr3 and Rn 4 in res onse t DNA
damage was identical in the ixr1 and wild-type strains, indicating
tha the Mec1-Rad53-Dun pathway was not compromised in ixr1
mutants. Sml1 levels were decreased in ixr1, again su gesting that
the Mec1-Rad53-Du 1 pathway was activated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of he Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
result d in h perphosph rylation of Rad53 both n ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Neverth less, the increased Rnr3 and Rnr4 levels i ixr1D are
Rad53 dependent. D letion of RAD53, but not of DUN1, abol s ed
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). W
interpre this resul to mean that Rad53 ca take over the Dun1
functio and c ivate Rnr3 and Rn 4 expression in ixr1D when
DUN1 is deleted, but no vice vers bec use Dun1 functions
downstream of Rad53. A DUN1-i dependent pathway for RNR
transcriptional ind ctio was bserved earlier, and it was
su gested that Rad53 can directly recognize Dun1 substrates
[12]. Alternativ ly, Rad53, d not Dun1, could b the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels re lower i the ixr1D strain compared to
wild-type
Because the levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, while Sml1 levels are
decreas d, th dNTP levels might have b en lev ted i th ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figure 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, bu to a lower level compared to wild-type
(Figure 4B). The ixr1D mutant ex ibi ed an increased frequ ncy of
pe ite formation (Figure 4C) nd sens tivity to HU (Figure 4D), two
ph notypes associated with decreased dNTP production [5].
Int res ingly, although the dNTP levels wer higher in r1D sml1D
t a in wild type, Rn 3 and Rn 4 in ixr1D sml1 were still levated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observatio indicates th activation of the Mec1-Rad53-Dun1
p thway i ixr1D is not only due t a d cr as d dNTP production,
but also due to some othe fects.
Levels of Rnr1 in ixr1 decrease after DNA damage
Th paradoxical finding that dNTP p ols decreased despite the
ctivation f th Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in a other compone t(s) of the RNR
machinery. Analy is of Rnr1 steady state levels demonstrated
moderately dec eased levels in ixr1D and in ixr1-S3 6F compared
to wild-type (,64%, and ,62% re pectively) (Figure 5A, 5B, and
5C (0 mi lanes)). As expected, incubation of wild-type cells in the
presence of 4-NQO or HU for two hours le to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatment of ixr1-S3 6F and ixr1D led to a
furth reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
conti u us; Rnr1 levels remai e lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analy is, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar betw en ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caus d by ixr1D provide an
explanation for the synthetic lethality displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are d fective in
relieving the inhib tion of RNR imposed by Sml1, Dif1, and Crt1.
Deletion of IXR1 n gatively affects RNR1 transcription
Using a b-g lactosidase assay we d monstra ed that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). D l tion of IXR1 also caused
c ncomitant increase in RNR3 and RNR4 promoter activ ties
(Figure 6A), in agre ment ith the observed increase in R r3 and
Rnr4 protein levels (Figu e 3A). To gain further insight into the
mechani m of RNR1 r gulation by Ixr1, w performed chromatin
i munopr cipitation (ChIP) experime ts followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
tion, we a alyzed th DSF2 promoter (pDSF2) region earlier
ident fied s an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
v siae ibonucleotide re uctas . The activate Dun1 kinase relieves
inhibition of RNR by targetin the transcriptional represso Crt1(Rfx1)
and protein inhibitors Sml1 a d Dif1.
doi:10.1371/journal.pgen.1 02061.g 01
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(Figure 3A, lanes 1–3). Rnr2 levels were not sig ificantly changed
in ixr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1D strain only
with the more sensitive anti-HA antibodies, but not w th he
polyclonal anti-Rnr3 antibodies, also i dicating that the Mec1-
Rad53-Dun1 p thw y ctivation is low (Figure S1A). Important y,
the elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was ide tical in the ixr1 nd wild-type strains, indicating
that the Mec1-Rad53-Dun1 pathway was not compromised in ixr1
mutants. Sml1 levels were decrease in ixr1, ag in suggesting that
the Mec1-Rad53-Du 1 pathway w s ac va ed (Figu e 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA dam ge
resulted in hyperphosphoryla ion of R d53 both in ix 1D and wild-
type, leading to a shift of the Rad53 band (Figure 3 ).
Nevertheless, the increased Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but n t of DUN1, abolish d
upregula ion of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that R d53 can take over th Dun1
functi n a d activate Rnr3 and Rnr4 xpr ssion in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-ind p ndent pathway fo RNR
transcriptional induction w s observ d earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Becaus th levels of several RNR proteins are increased (Rnr3,
Rnr4) or unchanged (Rnr2) in ixr1D, whi Sml1 levels are
decreased, the dNTP levels might have been elevate in the ixr1
strains; however, dNTP levels were lower in ixr1D co pared t
wild-type (Figure 4A). Si ilarly, dNTP levels in ixr1D sml D were
lower than in sml1D alo (Fig e 4A . DNA damage induc io by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, but to a lower level compared to wild-type
(F gure 4B). T e ixr1D mutant exhibited an increased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenoty es associated with decreased NTP p oducti n [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 in ixr1D sml1D were still el vated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is not only due to a dec eased dNTP production,
but also due to some other defects.
Levels of Rnr1 in ixr1 decrease afte DNA damage
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a d ficiency in another component(s) f the RNR
machinery. Analysis of Rnr1 steady state l vels d monstr ted
moderately decreased levels in ixr1D and in xr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As expected, incubation of wild-type cells i the
pr sence of 4-NQO or HU for two hours led to an increase in
R r1 levels (,39% and 57 , respectively) (Figure 5A and 5B).
Intere tingly, th ame treatment of ixr1-S366F and ixr1D led t a
further reduction of Rnr1 to ,19% and ,37%, re pectively, after
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU treatment (Figure 5A and 5B). This reduction was
continuous; Rnr1 levels r m ined lower in ixr1D throughout 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, the ixr1D strain had a slightly greater
proportio of cells in S p ase compared to wild-type both b fore
and during 4-NQO trea m n (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wil -type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
explanation for the synthetic leth lity displayed by the ixr1D
dun1D double mutant strain: the dun1D strains are defective in
rel eving the inhibition of RNR imposed by Sml1, f1, a d C t1.
Deletion of IXR1 negativ ly aff cts RNR1 transcription
Using a b-galactosidase assay w demonstrated that the
decreased Rnr1 levels in ixr1D re due to a lower RNR1 pro oter
activity, which indicates that Ixr1 directly or indir ctly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
con omit nt increase in RNR3 and RNR4 promote activiti s
(Figur 6A), in agreement with the observed increa e in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immun precipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We an lyzed
binding f Ixr1 to t e RNR1 promoter (pRNR1) regio . In
ddition, we an lyzed the DSF2 p omoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotide reductase. The activated Dun1 kinase relieves
inhibition of RNR by targeting the transcriptional repressor Crt1(Rfx1)
and protein i hibitors Sml1 a d Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figur 3A, lanes 1–3). R r2 l vels were n t sig ificantly ch nged
in xr1D compared to wild-type (Figure 3B). Activation of the
Mec1-Rad53-Dun1 pathway in ixr1 strains was not maximal;
exposure to DNA damaging agents further increased Rnr2, Rn 3
and Rnr4 levels (Figure 3A nd 3B). We were able to detect an
increase in Rnr3-HA levels in the unda aged ixr1D strain only
with the more sensitive anti-HA antibodies, but not with the
polyclonal a ti-Rnr3 antibodies, also indicating that the Mec1-
Ra 3-Dun1 pathw y activatio is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicati g
that the Mec1-Rad53-Du 1 pathw y w s not comp omi ed in ixr1
mutants. Sml1 levels r decreased in ixr1, ag in suggesting t at
the Mec1-Rad53-Dun1 path ay was ctivated (Figure 3C). We
did not observe a mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Me 1-Ra 53-Dun1 pathway
(Figure ). The full activation f the checkpoint by DN amage
resulted in hyperphosp orylation of Rad53 both in ixr1D and wild-
type, leading to a shift of the Rad53 b nd (Figure 3D).
Neverth less, the i reased Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not of DUN1, aboli h d
upregula on of R r3 and Rnr4 in the ixr1D strain (Fig re 3E). We
interpr t this result to mean that Rad53 can take over the Dun1
function and activate nr and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcription l ind ction was observed arl er, a d it was
sugg sted tha Rad53 can directly rec gnize Dun1 ubstrates
[12]. Alternatively, Rad53, and not Du 1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absenc of DNA damage.
dNTP levels are lower in the ixr1D strain c mpared to
wild-type
Becaus the levels of several RNR prot ins are inc ased (Rnr3,
Rnr4) or unchanged (Rnr2) i ixr1D, while Sml1 l ls ar
decreased, the dNTP levels might have been elevated n the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-typ (Figure 4A). Simil rly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figur 4A). NA damage inductio by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
co centration in ixr1D, but to a lower level compared to wild-type
(Figure 4B). T e ixr1D mutant exhib ted an increased frequency of
petite formation (Figure 4C) and sensitivity to (Figure 4D), two
phenotypes associated with d crease pro uction [5].
Interestingly, although the dNTP levels igher in ixr1D sml1D
than in wild ype, Rnr3 and Rnr4 in ixr1D sml1D were still elevat d
to the same levels as in th ixr1D single mutant (Figure 3E). This
observation indi ates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is t only due t a decrease dNTP production,
but also due to some other defects.
Levels of Rnr1 in ixr1 d cr ase after DNA damage
The paradoxical finding that dNTP pools decreas d despite the
activation of the Mec1-Rad53-Dun1 pathw y in ixr1 strains
indicates a deficiency in another component(s) of the RNR
machinery. Analysis o Rnr1 steady state levels demonstrated
moder tely decreased levels in ixr1D and in ixr1-S366F compared
to wild-type (,64%, and ,62% resp ctively) (Figur 5A, 5B, and
5C (0 min lanes)). s expected, incubation of wild-type cells in the
presence of 4-NQO or HU f r two hours l d to an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A nd 5B).
Interestingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, ft r
4-NQO treatm nt, and to ,56% and ,46%, respectiv ly, after
the HU treatment (Figure 5A and 5B). This reducti n was
continuous; Rnr1 levels remained low r in ixr1D throughout a 12-
hour incubation with 4-NQO (Figur 5C). Based n flow-
ytometric analysis, the ixr1D strain had a slightly greater
proportion of cells in S phase compared to wild-type both befor
a d during 4-NQO t a me t (Figure 5C), although the overall
proliferation rate was similar betwe n ixr1D d wild-type
(Figure 5D).
The decreased Rnr1 l vels caused by ixr1D provi e an
xplan tion for the synthetic l th lity isplayed by the ixr1D
du 1D double mutant strain: th dun1D strains are defective in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Crt1.
D letion of IXR1 egati y affects RNR1 ranscription
Using a b-galactosidase assay we dem nstrated that th
decreased Rnr1 lev ls in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deleti of IXR1 al o aused a
concomitant increas in RNR3 and RNR4 promoter activities
(Figur 6A), i agreement with the observed increase in Rnr3 a d
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulatio by Ixr1, we performed chromatin
im unoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion pro in a d 9E10 antise um. We analyzed
binding of Ixr1 to h RNR1 prom ter (pRNR1) regio . In
additi , we analyzed the DSF2 r moter (pDSF2) region earlier
ide tified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dependent regulation of S. cere-
visiae ribonucleotide reductase. The activated 1 kinas reli ves
inhibition of RNR by targeting the transcriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.137 /journal.pgen.1002061.g001
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(Figure 3A, lanes 1–3). Rnr2 levels were not significantly chang d
in ixr1D compared to w ld-ty e (Figu 3B). Activation of the
Mec1-Rad53-Dun pathway in ixr1 strains was not ma imal;
exposure to DNA damaging agents further inc eased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the u damaged ixr1D strain only
with the more sensitive an i-HA antibodies, bu not with th
polyclonal anti-Rnr3 antibodies, lso i dic ting that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the elevation of Rnr2, Rnr3 a d Rnr4 i response to DNA
damage was identical in the ixr1 nd wild-type str ins, indicating
that the Mec1-Rad53-Dun1 pathway was not compromis d i ixr1
mutants. Sml1 l v ls were decreased in ixr1, ag in sugg sting that
the Mec1-Rad53- un1 pathway w s activated (Figure 3C). We
did not obs rve a m bility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activati of the checkp int by DNA damag
resulted in hyperphosph rylation f Rad53 bot in i r D a wil -
type, leading to a shift of t Rad53 ban (Figure 3D).
Nevertheless, the increas d Rnr3 and nr4 l v ls i ix 1D re
Rad53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean tha Rad53 can tak over the Dun1
function and activate R r3 a Rnr4 expr ssion in ixr1D hen
DUN1 is deleted, but not v ce v rsa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was bserved earlier, and it was
suggested that Rad53 can direc ly recog ize un1 s bstra s
[12]. Alternatively, Rad53, a d o Dun1, could be the main
activator of Rnr3 and Rnr4 expressi n in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because the levels of several RNR prot ins ar increas d ( nr3,
Rnr4) or unchanged (Rnr2) in ixr1D, hile Sml1 levels are
decreased, the dNTP levels might have been elevated in the ixr1
strains; however, dNTP levels were lower in ixr1D compared to
wild-type (Figure 4A). Similarly, dNTP levels in ixr1D sml1D were
lower than in sml1D alone (Figu e 4A). DNA damage induction by
4-nitroquinoline 1-oxide (4-NQO) resulted in an increase in dNTP
concentration in ixr1D, but t a lower level compared to wild-typ
(Figure 4B). The ixr1D mutant e hibited an inc eased frequency of
petite formation (Figure 4C) and sensitivity to HU (Figure 4D), two
phenotypes associa ed with decreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sm 1D
than in wild type, R r3 and Rnr4 i ixr1D sml1D were still elevated
to the same levels as in the ixr1D single mutant (F gur 3E). This
observation indicates that activ ion of the Mec1-Rad53-Dun1
pathway i ixr1D is not only d e to a decreas d dNTP produc ion,
but also due to some oth r defects.
Levels of Rnr1 in ixr1 decrea e after DNA damage
The paradoxical finding that dNTP pools decreased despite the
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in anoth r component(s) of the RNR
machine y. Analysis of Rnr1 stead state levels demonstrate
mode ately decreased levels in ix 1D an in ixr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, nd
5C (0 min lanes)). As expected, incubation of wild-ty c lls i th
presence of 4-NQO or HU for two hours led t an increase in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, the same treatm nt of ixr1-S366F and ixr1D l d t a
furthe reducti n of Rnr1 to ,19% and ,37%, respec ively, afte
4-NQO treatment, and to ,56% and ,46%, respectively, after
the HU tre tment (Figure 5A and 5B). This reduction was
ontinuous; Rnr1 levels remained l wer in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cy ometric analysis, t e ixr1D strai had a slightly greate
proportion of cells in S phase c mpared to wild-type both bef re
a d during 4-NQO treatme t (Figure 5C), although the overall
proliferation ate was si ilar betwee ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D pro i e an
explanation for the synth tic le hality displ y d by the ix 1D
dun1D double mutant stra : the dun1D strains are defectiv in
relieving the inhibition of RNR imposed by Sml1, Di 1, and Crt1.
Deletion of IXR1 eg tiv ly ffects RN transcription
U ing a b-galact sidase assay we de onstrated th t the
decreased Rnr1 levels in ixr1D are du to a low r RNR1 promoter
activity, which indicates that Ixr1 directly or dir c y regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant incr ase in RN 3 and RNR4 promoter activities
(Figure 6A), n greement with th observed i crease in Rnr3 and
Rnr4 protein l vels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we perfo med chromatin
immunoprecipitatio (ChIP) experiments followed by q CR using
Ixr1-9xMyc fusion protein and 9E10 ant serum. We analyzed
binding of Ixr1 to the RNR1 p mote (pRNR1) reg on. In
additio , we nalyzed the DSF2 promote (pDSF2) r gion earlier
dentifie as a Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-D n1–dependent regulation of S. cer -
visiae ribonucleotide reductase. The activat d Dun kinase relieves
inhibition of RNR by target ng the transcriptional r pressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pge .1002061.g001
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(Figure 3A, lanes 1–3). Rnr2 levels were ot sig ificantly changed
in ixr1D compared to wil -type (Figure 3B). Activation of th
Mec1-Rad53-Dun1 pathway in ixr1 str ins was not maximal;
exposure to DNA damaging agen s further increased R r2, Rnr3
nd R r4 levels (Figure 3A and 3B). We were able to det ct
inc ase in Rnr3-HA levels i th undamag d ixr1D strain only
with the more sensitive ti-HA antibodies, ut not with the
polyclonal anti-Rnr3 ant bodies, also indicating that the M c1-
Rad53- un1 pathway activatio is low (Figure S1A). Importantly,
th levati n of Rnr2, Rnr3 and R r4 in respo se to DNA
damage w s identical in the ixr1 and wild-typ strains, indicatin
th t th Mec1-Rad53-Dun1 pathway was not compr mised i ixr1
mutants. Sml1 levels were decreased in ixr1, again suggesting that
the Mec1-Rad53-Dun1 pathway w s ctivated (Fi ure 3C). We
did not observe mobility shif of the Rad53 band in ixr1D,
indicating low activation f he Mec1-Ra 53-Dun1 pathway
(Figu 3D). The full ac vat on of t e checkpoi t by DNA da age
result d in hyperph sphorylation of Rad53 both in ixr1D and w ld-
type, l ading to a shift of t e Rad53 ba d (Figure 3D).
Neverthel ss, the increased Rnr3 and Rnr4 levels in ixr1D are
Ra 53 de endent. Deletion f RAD53, but no of DUN1, abolished
upregulation of Rnr3 and r4 in the ixr1D strain (Figur 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
ownstream of Rad53. A DUN1-independent pathway for RNR
transcr ptio al induction was observed earlier, and it was
suggested that R d53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 and Rnr4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP l vels ar low r in the ixr1D strain compared to
wild-type
B cause the l ls of several RNR pr teins a increased (Rn 3,
Rnr4) or uncha ged (Rn 2) in ixr1D, while Sml1 levels are
ecr ased, the dNTP levels might hav be n elevated in the ixr1
strains; ho ever, d TP l vels were lower i ixr1D compared to
wild-type (Figure 4 ). i ilarly, P levels in ixr1D sml1D were
lower than s l l ( i r 4 ). NA damag induction by
4-nitroquinoli e ) resulted i an increase in dNTP
c nc tration i i l er level compared to wild-type
(Figure 4B). e ixr t t e ibited an increased frequency of
petite for ation (Figure 4 ) and sensitivity to HU (Figure 4D), two
phenotypes a sociated with decreased dNTP production [5].
Interestingly, although the dNTP levels were higher in ixr1D sml1D
than in wild type, Rnr3 and Rnr4 n ixr1D sml1D wer still elevated
to the same levels as in the ixr1D single mutant (Figure 3E). This
observation indicates that activation of the Mec1-Rad53-Dun1
pathway in ixr1D is not only due to a decreased dNTP production,
but also due to some other defects.
Levels f Rnr1 in ixr1 d cr as aft DNA damage
The aradoxi al f nding that dNTP pools decreased despite the
activation of th Mec1-R d53-Dun1 pathway in ixr1 strains
indicates a deficiency in nother com onent(s) of the RNR
machinery. Analysis of Rnr1 steady state levels demonstrated
moderately de re sed levels in ixr1D a d in ixr1-S366F compar d
to wild-typ (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). s exp ct , incubation of wil -type cells in the
presence of 4-NQO or HU for two hours led to an increase in
Rnr1 levels ( 39% and 57%, respectively) (Figur 5A and 5B).
I e estingly, the same treatment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% and ,37%, respectively, after
4-NQO re tm nt, and to ,56% and ,46%, respectively, after
the HU tre tment (Figure 5A and 5B). This reduction was
continuous; Rnr1 lev ls rem ined lower in ixr1D throughout a 12-
our i cub tion with 4-NQO (F gure 5C). Based on flo -
cytometric a alysis, the ixr1D strain had slig tly gre ter
proportio of cells in S phas compared to wild-type both before
and du ing 4-NQO treatment (Figure 5C), although the overall
proliferation r te was similar between ixr1D and wild-type
(Figu e 5D).
The decr as d Rnr1 levels caused by ixr1D provide an
explan tion for the s th tic lethal ty displaye by the ixr1D
dun1D doubl mutant strain: the dun1D strains ar defective in
relieving the inhib tion of RNR imposed by Sml1, Dif1, and Crt1.
l tio of IXR1 n ga iv ly affects RNR1 transcription
U i g a b galactosid se assay w dem str ted that the
decreased Rnr1 levels in ixr1D are due to lower RNR1 promoter
activ ty, which indicates hat Ixr1 dir ctly or indirectly regulates
R R1 transcri ti n (Figure 6A). Deletion of IXR1 lso caused a
concomitant increas in RNR3 d NR4 promoter activities
(Figur 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protei lev ls (Fi ure 3A). To gain further insight into the
mecha ism f RNR1 regulation by Ixr1, we performed chromatin
immunoprecipit tion (ChIP) exp riments followed by qPCR using
Ixr1-9xMyc fusio protein and 9E10 antiserum. We analyzed
bi ding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we an lyzed the DSF2 promoter (pDSF2) regi n arlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–dep n ent regul tion of S. cere-
visiae ribo ucleotide reductase. The activated Dun1 kinase relieves
inhibition of RNR by targe ing the tra scription l repr sor Crt1(Rfx1)
and protein inhibitors Sml and Dif1.
doi:10.1371/jo r al.p en.1002061.g001
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(Figure 3A, lanes 1–3). Rnr2 levels were not significantly cha ged
in ixr1D c mpared to wild-type (Figure 3B). Activa ion of the
Mec1-Rad53-Dun p thway in ixr1 strains as not maxim l;
exposure to DNA d maging agent further incre sed Rnr2, Rnr3
and nr4 l vels (F gur 3A and 3B). We were able t detect
increas in Rnr3-HA levels i the undamaged ixr1D strain only
with th m re s nsitive anti-HA antibodies, but not with the
polyclo al anti-Rn 3 tibodies, als indica ing that the Mec1-
Rad53-Dun1 pathway activ tion is low (Figure S1A). Impo tantly,
the elev tion of Rnr2, Rnr3 and Rnr4 in response to DNA
damage was i e tic l n h ixr1 n w ld type st ai s, indicating
th t the M c1-Rad53-Dun pa way w s not com romised in xr1
mutants. Sml1 levels were decrea ed i ixr1, gain suggestin that
the Mec1-Rad53-Dun p thway was ac ivated (Fi ure 3C). We
did not obs rve mobility shift of the R d53 band in ixr1 ,
indicatin low a ti ation f th ec1-Rad53-Dun p thway
(Figure 3D). T e f ll ac ivati of the c eckpoin by DNA dama e
resulted in hyp rph sp or l tion f ad53 b h in ixr1D and wild-
type, leadi g o a shift of the R d53 b nd (Figure 3D).
Nevertheless, th incr ased Rnr3 and R r4 levels in ix 1D are
Rad53 d p ndent. Del tio of RAD53, but not of UN1, a olished
upregulation of Rnr3 nd Rnr4 i the ixr1D strain (Figu e 3E). We
interpret this result to mean tha Rad53 ca take over the Dun1
function and activate R r3 and Rnr4 expressio in i r1D when
DUN1 is delet d, but not vice versa bec use Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptio l i duction was observed earlier, a it was
suggested that Rad53 c n directly r cognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the mai
activ tor of Rnr3 nd R r4 expression in the ixr1D strain in the
absence of DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-typ
Becaus the levels of several RNR p oteins are inc ased (Rnr3,
Rnr4) or uncha ged (R r2) in ixr1D, while Sml1 levels are
d reased, the dNTP levels might ha been l v ted in th ixr1
strains; howeve , dNTP l ls w re lower in ix 1D compa ed to
wild-type (Figure 4A). Simila ly, dNTP leve s in ixr1D sml1D we e
lower than in sml1D alo e (Figure 4A). DNA damage induction by
4-nitr quinoline 1- xide (4-NQO) resulted in incre s dNTP
concentration i ixr1D, but to a lower lev l ompared to wild-typ
(Figure 4B). The ixr1D mutant e hibited an increase frequency of
petite formation (Figure 4C) a d sensitivity to HU (Figure 4D), two
phenotypes associated with decreased dNTP pro uction [5].
Interestingly, althoug the dNTP levels were higher in ix 1D sml1D
tha in wild type, R r3 a d Rnr4 in ixr sml1D were still elevated
to the same l vels as in the xr1D si gle mutant (Figur 3E). This
observation indicates that activation of the Mec1-Rad53-Dun
pathway in ixr1D is not only due to a decreas d dNTP production,
but also due to some oth r defects.
Levels of Rnr1 in ixr1 decr as afte DNA m ge
The paradoxica finding that dNTP pools decreased despite the
activation of the M c1-Rad53-Dun p thway in ixr1 strains
indicates a deficiency in another component(s) f the RNR
machin ry. An lysis of Rnr1 tead state levels demonstrated
moderately decreased l vels in ixr1D and in ixr1-S366F compared
to wild-type (,64%, and ,62% respectively) (Figure 5A, 5B, and
5C (0 min lan )). As expect d, incubation of wild-type cells in the
presenc of 4-NQO or HU for w h urs led t a incr as in
Rnr1 levels (,39% and 57%, respectively) (Figure 5A and 5B).
Interes ingly, the same treatment of ix 1-S366F and ixr1D led to a
further reduction of r1 to ,19% and ,37%, respectively, after
4-NQO treatment, a d t ,56% and ,46%, respectively, aft r
the HU trea ment (Figure 5A a d 5B). This re uction was
c ntinuou ; Rnr1 l vels remai ed l w r i ixr1D throughout a 12-
hour i cubatio with 4-NQO (Figu e 5C). Based n fl w-
cytometric analysis, the ixr1D strain had a slightly greater
proporti n of ells in S phase compared to wild-typ bot befor
and during 4-NQO treatment (Figure 5C), although th overall
proliferation rate was simila b tween ixr1D and wild-type
(Figure 5D).
The decreased Rnr1 levels caused by ixr1D provide an
xplan ion for the sy thetic l thality displayed by the ixr1D
du 1D double mutant strain: the dun1D s rains are efectiv in
relieving the inhibition of RNR impos d by Sml1, Dif1, an Crt1.
D letion of IX 1 neg tiv ly aff cts RN 1 tran cription
Using a b-gal ctosidase ssay we demonstrat d that the
d creased Rnr1 levels in ixr1D a due to a low r RNR1 promoter
ctivity, which i dicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figur 6A). Deletion of IXR1 also caused a
concomitant increase i RNR3 and RNR4 pro oter activities
(Figure ), in a re ment with th observed in rease in Rnr3 and
Rnr4 protei levels (Figure 3A). To gain further insight into the
mechanism f RNR1 regulation by Ixr1, we performed chromatin
im unoprecipitatio (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed th DSF2 promoter (pDSF2) region e rlier
identified as an Ixr1-interacting locus [27] and th actin (ACT1)
Figure 1. Mec1-Rad53-Dun –depende t r gulation of S. c re-
visia ribonucleoti e red tase. The activated Dun1 kinase reliev s
inhibition of RNR y targeting the tr nscriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/j urnal.pg n. 002061.g001
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(Figure 3A, lan s 1–3). Rnr2 levels were not s gnif cantly ch ged
in ixr1D compared to wild-type (Figure 3B). Activ tion of the
Mec1-Rad53-Dun1 pathway in ixr1 strain was not m ximal;
exposure to DNA damaging agents fu ther increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A nd 3B). We were able to detect an
increase in Rnr3-HA lev ls in the u dam ge ix 1D strain o ly
with the mor sensitive anti-HA antibodies, but ot with the
polyclonal anti-Rnr3 antibodies, also indicating that the Mec1-
Rad53-Dun1 p thway activation is low (Figure S1A). Importantly,
the elevation of Rn 2, Rnr3 and Rnr4 in response to DNA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-D n1 th ay was t compromise in ixr1
mutants. Sml1 levels were d crease i ixr1, again suggesting that
the Mec1-Ra 53-Dun1 pathway was activated (Figure 3C). We
did not observe a mobility shift f the Rad53 ban in ixr1D,
indicating low activation of the M c1-R d53-Dun1 p thway
(Figure 3D). The full activat on of the checkpoin by DNA d mage
resulted in h rphosphoryl t on of Rad53 both n ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased nr3 and nr4 levels in ixr1 are
Rad53 depend nt. Dele io of RAD53, but ot of DUN1, abolished
upregulation of Rnr3 and nr4 in e ixr1 s rain (Figure 3E). We
interpret this result to mea hat a 53 can take ove the Du 1
function and activate Rn 3 nd R 4 exp ession in ixr1D when
DUN1 is delet d, but n t vice versa because Dun1 functio s
downstream of Rad53. A DUN1-independen pathway for RNR
transcriptional induction w observed earlier, a d it was
suggested that Rad53 can directly recognize un1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activator of Rnr3 a d Rnr4 expr ssio in the ixr1D strain in th
absence of DNA damage.
dNTP levels are low r in th ixr1D strai compared to
wild-type
B cause the levels of s v al RNR pr teins are increas d (Rnr3,
Rnr4) or u changed ( nr2) in ixr1D, while Sml1 levels are
decreased, the dNTP lev ls might have been elevated in the ixr1
strains; however, dNTP l vels were lower in ixr1D compare t
wild-type (Figure 4A). Similarl , dNTP l vels in ixr1D sml1D wer
lower than in sml1D lone (Figure 4A). DNA damag in uctio by
4-nitroquinoline 1-ox d (4-NQO) result d in an i crease in NTP
conce tration in x 1D, but to lowe level comp red t wild-type
(Figure 4B). The ixr1D mutant xhibi e an increased f quency of
petite formation (Figure 4C) and s nsitivity to HU (Figure 4D), two
phe otypes ass ciated with d cr ased NTP production [5].
Interestingly, althou h the dNTP levels re hig r in ixr1D sml1D
than n wild type, Rnr3 a d nr4 n ixr1D sm 1D were still e evated
o the same levels as in the ixr1D single mu an (Figur 3E). This
observation indicates that activation of th Mec1-Rad53- un1
pathway in ixr1D is not only due to a decreased dNTP production,
but also due t some other d fects.
Levels f Rnr1 i ixr1 decrease after DNA damage
The paradoxic l finding that dNTP pools ecreased despite
activation of the Mec1-Rad53-Dun1 pathway in ixr1 strai s
indicates a deficiency in nother compone t(s) of the RNR
machinery. An lysis of Rnr1 steady state levels demonstr t
moderat ly decr ased levels in ixr1D a d in ixr1-S366F compared
to wild-type (,64%, and ,62% resp tively) (Figure 5A, 5B,
5C (0 mi lanes)). As expect , inc bation of wil -type cells in the
presence of 4-NQO r HU for two hours led to an in rease in
Rnr1 levels ( 39% and 57%, respectively) (Figure 5A and 5B).
Interestingly, th sam tre tmen of ixr1-S366F and ixr1D led to a
furt er r uction of R r1 t ,19% and ,37%, respectively, afte
4-NQO treatment, and to ,56% and ,46%, respective , after
the HU trea ment (Figure 5A and 5B). This reduction was
continuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour i cubation with 4-NQO (Figure 5C). Based on flow-
cyt metric a alysis, the ixr1D strain ha a slightly greater
proportion of cells in S ph se compared to wild-type both b fore
and during 4-NQO treatment (Figure 5C), although the overall
proliferation ra e was simil r etween ixr1D and wild-type
(Figure 5D).
Th decre sed Rnr1 levels caused by ixr1D provide a
expl at on for the synthetic leth li y di pl yed by th ixr1D
dun1D double mutant strain: t e dun D st ai s are defectiv in
relieving the inhibition of RNR imposed by Sml1, Dif1, and Cr 1.
Dele io of IXR1 e at vely aff cts RN 1 tr scriptio
Using b-g lactosidase ssay we demonstrated tha the
ecr ased Rnr1 levels ixr1D r due o a lower RNR1 promoter
cti ity, which indicates that Ixr1 directly or indirectly regulates
RNR1 tr scription (Figur 6A). Deletion f IXR1 also caused a
co comitant inc ease RNR3 d RNR4 promo r activities
(Figure 6A), in agreement with the obser d increase in Rn 3 and
Rnr4 protein lev ls (Fig r 3A). T gai f rther insight into the
mecha sm of RNR1 regul ti by Ixr1, e performed ch omatin
immunoprecipitation (ChIP) ex eriments followed by qPCR using
Ixr1-9xM c fusio prote a d 9E10 an ise u . We analyzed
binding f Ixr to the RNR1 promoter (pRN 1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad53-Dun1–depende t regula ion f S. cere-
visiae ribonucleotide reductase. The ctivated Dun1 kinas relieves
inhibition of RNR by targ ting the transcriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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(Figure 3A, l nes 1–3). Rnr2 levels were not significantly changed
in ixr1D compared to w ld-type (Figur 3B). Activation of th
Mec1-Rad53-Dun1 pathway in ixr1 strains was not m xim l;
exposure to DNA damaging agen s further increased Rnr2, Rnr3
and Rnr4 levels (Figure 3A and 3B). We were able to detect an
increase in Rnr3-HA levels in the undamaged ixr1 strain only
with the more sensitive anti-HA antibodies, but ot with th
polyclonal anti-Rnr3 antibodies, also indica ing that the Mec1-
Rad53-Dun1 pathway activation is low (Figure S1A). Importantly,
the eleva ion of Rnr2, R r3 and Rnr4 in resp nse to NA
damage was identical in the ixr1 and wild-type strains, indicating
that the Mec1-Rad53-Du 1 pathway was not compromised in ixr1
mutan s. S l1 levels were decreased in ixr1, again suggesting that
he Mec1-R d53-D n1 pathway was activated (Figure 3C). We
did not observe mobility shift of the Rad53 band in ixr1D,
indicating low activation of the Mec1-Rad53-Dun1 pathway
(Figure 3D). The full activation of the checkpoint by DNA damage
resulted in hyperphosphorylation of Rad53 both in ixr1D and wild-
type, leading to a shift of the Rad53 band (Figure 3D).
Nevertheless, the increased Rnr3 and Rnr4 levels in ixr1D are
Rad53 dependent. Deletion of RAD53, but not of DUN1, abolished
upregulation of Rnr3 and Rnr4 in the ixr1D strain (Figure 3E). We
interpret this result to mean that Rad53 can take over the Dun1
function and activate Rnr3 and Rnr4 expression in ixr1D when
DUN1 is deleted, but not vice versa because Dun1 functions
downstream of Rad53. A DUN1-independent pathway for RNR
transcriptional induction was observed earlier, and it was
suggested that Rad53 can directly recognize Dun1 substrates
[12]. Alternatively, Rad53, and not Dun1, could be the main
activato of R r3 a R r4 expression in the ixr1D s rain in th
absence f DNA damage.
dNTP levels are lower in the ixr1D strain compared to
wild-type
Because t l vels of sev ral RNR proteins are increased (Rnr3,
R r4) or unch g d (Rnr2) in ixr1D, while Sml1 levels are
ecreased, the NTP lev ls might have been elevated in the ixr1
strains; however, dNTP levels ere lower in ixr1D compared to
wild-typ (Figu e 4A). Similarly, dNTP levels in ixr1D sml1D were
ow r than in sml1D alo (Figure 4A). DNA damage induction by
4-nitroquinolin 1-oxide (4-NQO) resulted in an ncr ase in dNTP
concentrati n in ixr1D, but to a low r level compar to wild-type
(Figur 4B). The ix 1D mutan ibited an i c eased frequency of
petit formatio (Figure 4C) and s nsitivity to HU (Figure 4D), two
phenotypes associated with d creased dNTP produ tion [5].
I teresti gly, although th NTP l vels were higher in ixr1D sml1D
than in wild type, R r3 and Rnr4 in i r D sml1D were still elevated
to the sam l vels as t ixr1D single mutant (F gure 3E). This
bs rvation indic t s that activation f the Me 1-Rad53-Dun1
pathway in ixr1D is o only due to a decreased dNTP producti n,
but also due to some other defects.
Levels f R r1 ixr1 d cr as af r D A damage
Th aradoxical finding that NTP pools decreased despite the
activa io of the Mec1-Rad53-Dun1 pathway in ixr1 strains
indicates a deficiency in another component(s) of the RNR
m chinery. Analysis of R r steady state levels demonstrated
moderately decreased l vels i ixr1D and in ixr1-S366F compa ed
to wild-type (,64%, nd ,62% respectively) (Figure 5A, 5B, and
5C (0 min lanes)). As xpected, incubation of wild-type cells i the
pr sence of 4-NQO r HU for two hours led to an increase i
Rnr1 levels (,39% and 57%, r spec ively) (Figure 5A and 5B).
Interestingly, the same tre tment of ixr1-S366F and ixr1D led to a
further reduction of Rnr1 to ,19% an ,37%, respectively, af er
4-NQO treatment, and to ,56% and ,46%, respectively, after
th HU treatment (Figure 5A and 5B). This reduction was
continuous; Rnr1 levels remained lower in ixr1D throughout a 12-
hour incubation with 4-NQO (Figure 5C). Based on flow-
cytometric analysis, t e ixr1D strain had a slightly greater
proportio of cel s in S phase compared to wild-type both before
and during 4-NQO treatment (Figure 5C), although the overall
proliferation rate was similar between ixr1D and wild-type
(Figure 5D).
T e decreased Rnr1 levels caused by ixr1D provide a
explanation for the synthetic l thality displayed by the ixr1D
dun D double mutant strain: the dun1D strains are defective in
relieving the inhibition of RN im osed by Sml1, Dif1, and Crt1.
D let on of IXR1 negatively affects RNR1 transcription
Using a b-galactosidase assay we demonstrated that the
decreased Rnr1 levels in ixr1D are due to a lower RNR1 promoter
activity, which indicates that Ixr1 directly or indirectly regulates
RNR1 transcription (Figure 6A). Deletion of IXR1 also caused a
concomitant increase in RNR3 and RNR4 promoter activities
(Figure 6A), in agreement with the observed increase in Rnr3 and
Rnr4 protein levels (Figure 3A). To gain further insight into the
mechanism of RNR1 regulation by Ixr1, we performed chromatin
immunoprecipitation (ChIP) experiments followed by qPCR using
Ixr1-9xMyc fusion protein and 9E10 antiserum. We analyzed
binding of Ixr1 to the RNR1 promoter (pRNR1) region. In
addition, we analyzed the DSF2 promoter (pDSF2) region earlier
identified as an Ixr1-interacting locus [27] and the actin (ACT1)
Figure 1. Mec1-Rad 3-Dun1– ependent regulat on of S. c re-
visiae rib nucleotide reductase. The activated D n1 kinas relieves
i hibitio of RNR by targeting the transcriptional repressor Crt1(Rfx1)
and protein inhibitors Sml1 and Dif1.
doi:10.1371/journal.pgen.1002061.g001
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4.4	  Repair	  of	  damaged	  DNA	  Damaged	   DNA	   can	   either	   be	   the	   cause	   or	   the	   consequence	   of	   fork	   stalling.	   In	   the	  former	  case,	  it	  can	  cause	  replication	  fork	  stalling,	  as	  previously	  explained.	  In	  the	  latter	  case,	   DNA	   damage	   can	   result	   from	   the	   processing	   of	   pathological	   DNA	   structures	  causing	  loss	  of	  DNA	  material	  (Branzei	  and	  Foiani,	  2009;	  Cotta-­‐Ramusino	  et	  al.,	  2005;	  Sogo	  et	  al.,	  2002).	  In	  both	  cases,	  accumulation	  of	  DNA	  damage	  can	  be	  lethal	  to	  cells.	  One	  of	  the	  crucial	  functions	  of	  the	  replication	  stress	  checkpoint	  cascade	  is	  therefore	  to	   promote	   repair	   of	   damaged	   DNA	   (Branzei	   and	   Foiani,	   2006).	   Rad53	   plays	   an	  important	   role	   in	   this	   process	   by	   a)	   activating	   proteins	   involved	   in	   DNA	  recombination	   and	   repair,	   such	   as	   Rad54	   and	   Rad55;	   b)	   phosphorylating	   and	  inhibiting	  the	  Exo1	  helicase,	  which	  is	  involved	  in	  the	  formation	  of	  reversed	  forks;	  in	  checkpoint-­‐defective	   cells,	   Exo1	   caused	   massive	   chromosomal	   re-­‐arrangements	   at	  the	  site	  of	  collapsed	  forks	  (Smolka	  et	  al.,	  2007);	  c)	  activating	  Dun1	  and	  increasing	  the	  availability	   of	   dNTPs	   in	   a	   Dun1-­‐dependent	   fashion	   (see	   previous	   section),	   thus	  favouring	  local	  DNA	  repair	  at	  the	  site	  of	  fork	  collapse.	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Chapter	  2	  
Vesicular	  trafficking	  and	  PtdIns(3)P	  
	  
1.	  Vesicle	  trafficking:	  general	  introduction	  Eukaryotic	  cells	  transport	  proteins	  and	  other	  molecules	  from	  intracellular	  organelles	  to	   the	   plasma	   membrane	   or	   in	   the	   extracellular	   space	   through	   a	   process	   called	  secretion.	  Cells	  also	   transfer	  proteins	  and	  molecules	   from	  the	  extracellular	  space	  or	  from	  the	  plasma	  membrane	  to	  organelles	  through	  another	  process	  called	  endocytosis.	  These	  processes	  are	  mediated	  through	  small	  specialized	  containers	  called	  trafficking	  vesicles,	   which	   are	   delimited	   by	   double-­‐membrane	   lipid	   structures.	   Trafficking	  vesicles	   also	   mediate	   the	   transport	   of	   proteins	   and	   other	   structures	   between	  intracellular	   organelles.	   In	   general,	   vesicle	   trafficking	   occurs	   through	   several	   steps	  that	  are	  common	  to	  different	  trafficking	  processes:	  1) Formation	  of	  the	  trafficking	  vesicle	  	  	  This	  process	  starts	  with	  budding	  of	  the	  vesicle	  from	  the	  membrane	  where	  the	  to-­‐be-­‐transported	  cargo	  is	  initially	  located.	  Recognition	  of	  the	  cargo	  protein	  as	  well	  as	  vesicle	  budding	  are	  mediated	  through	  specialized	  coat	  proteins	  called	  coatomer	   protein	   complex	   (COP)	   (for	   secretory	   trafficking	   vesicles)	   and	  clathrin	   (for	   endocytosis	   trafficking	   vesicles).	   The	   coat	   proteins	   initially	  recognize	   sorting	   signals	   in	   the	   cytosolic	   domains	   of	   the	   protein	   to	   be	  transported;	   they	   subsequently	   deform	   the	   membrane	   to	   form	   curve	   buds.	  When	  destined	  to	  the	  plasma	  membrane	  or	  to	  the	  external	  membrane	  of	  other	  organelles,	   the	   cargo	   protein	   is	   embedded	   within	   the	   membrane	   of	   the	  trafficking	   vesicle	   because	   upon	   fusion	   of	   the	   two	  membranes,	   the	   cargo	   is	  directly	  embedded	  within	   the	   target	  membrane.	  On	  the	  contrary,	  cargos	   that	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must	   be	   secreted	   outside	   the	   cell,	   or	   transported	   into	   the	   lumen	   of	   other	  organelles,	  are	  enclosed	  inside	  trafficking	  vesicles	  by	  interacting	  with	  proteins	  in	  the	  vesicle	  membrane.	  	  When	  fully	  assembled,	  the	  vesicle	  is	  ready	  to	  pinche	  off	  from	  the	  “donor”	  membrane.	  	  2) Vesicle	  transport	  Once	  the	  trafficking	  vesicle	  is	  formed	  and	  the	  specific	  cargo	  is	  packaged	  up,	  	  motor	  proteins	  are	  recruited	  to	  the	  trafficking	  vesicle	  to	  mediate	  the	  transport	  of	   the	  vesicle	  through	  cytoskeleton	  tracks	  (microtubules	  and	  actin	  filaments)	  to	  the	  destined	  organelle	  or	  plasma	  membrane.	  3) Fusion	  of	  the	  trafficking	  vesicle	  with	  the	  target	  The	   fusion	   of	   the	   trafficking	   vesicle	   with	   the	   target	   membrane	   occurs	   only	  after	  the	  disassembly	  of	  coat	  proteins	  from	  the	  vesicles.	  Fusion	  requires	  a	  set	  of	   highly	   conserved	   proteins	   called	   soluble	   N-­‐ethylmaleimde	   attachment	  protein	   receptors	   (SNARE)	   that	   are	   recruited	   to	   both	   the	   trafficking	   vesicle	  and	   the	   target	  membrane.	   Once	   the	   trafficking	   vesicle	  membrane	   is	   in	   close	  proximity	  with	   the	   target	  membrane,	   the	  opposing	  bilayers	  merge	   through	  a	  process	   that	   is	   catalyzed	   by	   the	   SNAREs.	   In	   the	   end,	   the	   membrane	   of	   the	  trafficking	  vesicle	   	  becomes	  an	   integrative	  component	  of	   the	   target	  structure	  membrane,	  and	  the	  intra-­‐vesicle	  content	  is	  released	  inside	  the	  target	  organelle	  (in	  the	  case	  of	  endocytosis	  or	   intracellular	  trafficking),	  or	   in	  the	  extracellular	  space	  (in	  the	  case	  of	  secretion).	  	  Interestingly,	   the	   merging	   of	   lipid	   membranes	   not	   only	   regulates	   cargo	  movement	  inside	  the	  cell,	  but	  is	  also	  involved	  in	  other	  cellular	  processes,	  such	  as	  cell	  size	  regulation	  during	  cell	  growth.	  	  Many	   cellular	   functions	   depend	   on	   the	   correct	   delivery	   of	   proteins	   to	   specific	  intracellular	   or	   extracellular	   destinations.	   Defects	   in	   different	   steps	   of	   vesicular	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trafficking	  are	  associated	  with	  specific	  cellular	  defects,	  and	  also	  with	  a	  high	  number	  of	   human	   diseases.	   For	   example,	   defects	   in	   proteins	   involved	   in	   cargo	   recognition,	  vesicle	   budding	   or	   cargo	   packaging	   are	   associated	   with	   diseases	   such	   as	  mucolipidosis	  II	  (Kudo	  et	  al.,	  2006),	  chylomicron	  retention	  disease(Jones	  et	  al.,	  2003),	  cranio-­‐lenticulo-­‐sutural	   dysplasia	   (Boyadjiev	   et	   al.,	   2006)	   and	   periventricular	  heterotopia	  with	  microcephaly	  (Sheen	  et	  al.,	  2004).	  Genetic	  defects	  in	  motor	  proteins	  that	  drive	  directional	  movement	  of	   the	   trafficking	  vesicles	  along	  cytoskeletal	   tracks	  cause	  muscle	  diseases	  such	  as	  centonuclear	  myopathy	  (Bitoun	  et	  al.,	  2005),	  Charcot-­‐Marie-­‐Tooth	  disease	  (Zuchner	  et	  al.,	  2005),	   lower	  motor	  neuron	  disease	  (Puls	  et	  al.,	  2003)	  and	  Griscelli	  syndrome	  (Menasche	  et	  al.,	  2003;	  Menasche	  et	  al.,	  2000;	  Pastural	  et	  al.,	  1997).	  Finally,	  defects	  in	  vesicle	  tethering	  and	  fusion	  with	  the	  target	  membrane	  are	   found	   in	   diseases	   such	   as	   neurocutaneous	   CEDNIK	   syndrome	   (Sprecher	   et	   al.,	  2005),	   familial	   heophagocytic	   lymphohistiocytosis	   (zur	   Stadt	   et	   al.,	   2005)	   and	  arthrogryposis-­‐renal	   dysfunction-­‐cholestaasis	   (Gissen	   et	   al.,	   2004).	   Alterations	   in	  proteins	  involved	  in	  vesicle	  trafficking	  have	  been	  also	  associated	  with	  cancer	  (Cheng	  et	  al.,	  2004;	  Chin	  et	  al.,	  2006;	  He	  et	  al.,	  2002;	  Mosesson	  et	  al.,	  2008).	  	  
2.	  Vesicle	  trafficking	  in	  S.	  cerevisiae	  	  Proteins	  that	  are	  destined	  to	  the	  plasma	  membrane	  or	  to	  other	  organelles,	  such	  as	  the	  vacuole,	   are	   synthetized	   in	   the	   Endoplasmic	   Reticulum	   (ER).	   They	   are	   then	  transported	  into	  the	  Golgi	  apparatus,	  where	  they	  undergo	  different	  fates,	  including	  1)	  transport	   to	   the	   plasma	   membrane	   or	   within	   the	   extracellular	   space	   through	   the	  Secretory	   pathway;	   2)	   transport	   into	   the	   vacuole	   through	   specific	   endosomes	  (vesicles	   organized	   at	   the	   plasma	   cell	  membrane	   that	   are	   involved	   in	   endocytosis)	  known	   as	   vacuolar	   protein	   sorting	   (VPS),	   or	   through	   intracellular	   vesicles	   that	  nucleate	  from	  the	  ER	  and	  transport	  proteins	  that	  are	  destined	  to	  the	  vacuole,	  such	  as	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alkaline	   phosphatase.	   	   In	   particular,	   plasma	   membrane	   proteins	   are	   internalized	  through	   endocytosis	   and	   transported	   by	   endosomes	   either	   to	   the	   vacuole	   for	  degradation,	   or	   to	   the	   Golgi	   apparatus,	   which	   can	   redirect	   them	   to	   the	   plasma	  membrane	  (in	  some	  cases	  after	  they	  undergo	  modification)	  or	  to	  other	  destinations	  through	  Secretory	  pathway	  (Fig.3).	  Several	  large-­‐scale	  screens	  performed	  in	  budding	  yeast	   have	   identified	   a	   high	   number	   of	   genes	   involved	   in	   different	   trafficking	  pathways,	  which	  are	  conserved	  in	  higher	  eukaryotes	  (Bankaitis	  et	  al.,	  1986;	  Novick	  et	  al.,	  1980;	  Robinson	  et	  al.,	  1988;	  Rothman	  and	  Stevens,	  1986).	  	  	  	  
	  
Figure	  3:	  Vesicular	  trafficking	  in	  S.Cerevisiae	  Membrane	   proteins,	   as	   well	   as	   soluble	   proteins	   destined	   to	   different	   intracellular	   organelles,	   are	  synthetized	   in	   the	   endoplasmic	   reticulum	   (ER)	   and	   transported	   to	   the	   Golgi	   through	   COP	   coated	  vesicles	  (black	  arrow).	  Once	  in	  the	  Golgi,	  these	  proteins	  undergo	  sorting	  and	  are	  packaged	  in	  vesicles	  that	  are	  directed	  to:	  1)	  the	  plasma	  membrane	  or	  outside	  the	  cell	  through	  the	  secretory	  pathway	  (red	  arrow);	   2)	   the	   vacuole	   through	   the	  APL	   pathway	   (orange	   arrow)	   or	   through	   endosomes	   in	   the	   VPS	  pathway	  (blue	  arrow).	  Proteins	   located	  at	   the	  plasma	  membrane	  are	   internalized	  by	  eukaryotic	  cells	  through	  Endocytosis	  and	  reach	  the	  vacuole	  to	  be	  degraded.	  
Figure	  adapted	  from	  Zabrocki	  et	  al,	  Biochim	  Biophys	  Acta,	  2008.	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2.1	  Vesicle	  trafficking	  from	  ER	  to	  Golgi	  apparatus	  Many	  proteins	   in	   yeast	   as	  well	   in	  mammalian	   cells	   are	   synthesized	   in	   the	  ER,	   from	  which	   they	   are	   directed	   to	   their	   final	   destination	   through	   vesicle-­‐mediated	  trafficking.	   Proteins	   that	   are	   destined	   to	   secretion	   in	   the	   extracellular	   space,	   or	  destined	   to	   function	   in	   the	   lumen	   of	   cytoplasmic	   organelles,	   including	   the	   ER,	   the	  Golgi	  apparatus	  and	  the	  vacuole,	  are	  synthetized	  by	  ribosomes	  that	  are	  located	  very	  close	   to	   the	   surface	   of	   the	   ER,	   and	   directly	   released	   into	   the	   ER	   lumen	   through	   a	  membrane	  channel,	  composed	  of	  a	  complex	  of	  transmembrane	  proteins	  called	  Sec61	  (Novick	  et	  al.,	  1980;	  Romisch,	  1999).	  Soon	  after	  being	  synthesized,	  proteins	  undergo	  different	   fates	  on	  the	  basis	  of	   their	   final	  destination.	   Indeed,	  while	  proteins	  that	  are	  destined	   to	   be	   incorporated	   into	   the	   plasma	   membrane	   or	   intracellular	   organelle	  membranes,	  are	  directly	  inserted	  into	  the	  ER	  membrane,	  proteins	  that	  are	  destined	  to	  be	  secreted	  extracellularly	  or	  into	  organelle	  lumen	  are	  first	  released	  into	  ER	  lumen.	  In	  this	   way,	   cells	   spare	   time	   and	   energy	   by	   initially	   differentiating	   proteins	   that	   will	  function	  as	  transmembrane	  proteins	  or	  as	  cytosolic/luminal	  ones.	  	  Before	  transfer	  from	  the	  ER	  to	  the	  next	  destination,	  all	  proteins	  are	  subjected	  to	  ER	  quality	  control	  (ERQC),	  which	  guarantees	  that	  only	  correctly-­‐folded	  proteins	  can	  exit	  the	   ER	   (Ellgaard	   and	   Helenius,	   2003).	   The	   biochemical	   players	   of	   the	   ERQC	   are	  chaperone	   proteins	   that	   recognize	   mis-­‐folded	   proteins	   and	   stimulate	   their	  proteasome-­‐mediated	   degradation,	   in	   a	   process	   that	   is	   known	   as	   ER-­‐associated	  degradation	  (ERAD)(McCracken	  and	  Brodsky,	  1996;	  Park	  et	  al.,	  2007).	  	  In	  yeast	  cells,	  two	   major	   ubiquitin	   protein	   ligase	   complexes,	   namely	   Hrd1/Der3	   and	   Doa10,	   are	  involved	   in	   recognition	   and	   degradation	   of	   misfolded	   proteins	   in	   ER	   (Deng	   and	  Hochstrasser,	  2006;	  Denic	  et	  al.,	  2006;	  Gauss	  et	  al.,	  2006).	  Another	  pathway	  that	  gets	  activated	   when	   proteins	   fail	   to	   properly	   fold	   is	   known	   as	   the	   “unfolded	   response	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protein”	  (UPR)	  pathway,	  which	  activates	  the	  transcription	  of	  a	  large	  number	  of	  genes	  involved	  in	  stress	  response,	  including	  chaperone	  proteins	  and	  ERAD	  genes	  (Kaufman,	  1999;	  Sidrauski	  and	  Walter,	  1997;	  Welihinda	  et	  al.,	  1997).	  The	  UPR	  pathway	  is	  highly	  conserved	  among	  eukaryotes	  (Mori,	  2009).	  	  When	   correctly	   folded,	   cargo	   proteins	   that	   are	   destined	   to	   leave	   the	   ER,	   such	   as	  secretory	  or	  plasma	  membrane	  proteins,	  are	  transported	  into	  the	  Golgi	  apparatus	  by	  trafficking	  vesicles	  that	  are	  coated	  with	  COPII	  complex	  proteins,	  which	  are	  crucially	  involved	   in	   cargo	   selection,	   membrane	   deformation	   and	   vesicle	   formation.	   The	  formation	  of	  COPII	  complex	  consists	  of	  the	  subsequent	  recruitment	  of	  proteins,	  such	  as	  Sar1	  as	  well	  as	  the	  Sec23-­‐Sec24	  and	  Sec13-­‐Sec31	  protein	  complexes,	  to	  the	  site	  of	  the	  ER	  where	  cargo	  proteins	  are	  located	  (Bi	  et	  al.,	  2002;	  Dancourt	  and	  Barlowe,	  2010;	  Lederkremer	  et	  al.,	  2001;	  Lee	  et	  al.,	  2004).	  Initially,	  the	  Sar1	  GTPase,	  when	  activated	  by	   its	  nucleotide	  exchange	   factor	  Sec12,	   is	   recruited	   to	   the	  ER	  membrane,	  where	   it	  triggers	   the	   recruitment	   of	   Sec23-­‐Sec24	   and	   Sec13-­‐Sec31	   complexes	   (Antonny	   and	  Schekman,	   2001;	   Nakano	   and	  Muramatsu,	   1989).	   Sec23-­‐Sec24	   complex	   recognizes	  the	  cargo	  either	  directly	  through	  binding	  a	  specific	  peptide	  that	  cargo	  proteins	  expose	  in	   cytosol	   or	   indirectly	   through	   binding	   ER	   membrane	   receptors	   to	   which	   cargos	  inside	   the	   ER	   are	   bound	   to	   (Barlowe,	   2003).	   Finally,	   the	   Sec13-­‐Sec31	   complex	   is	  involved	   in	  membrane	  deformation	  and	  vesicle	  budding	  (Lederkremer	  et	  al.,	  2001).	  Once	  formed,	  the	  COPII	  coated	  vesicles	  are	  then	  transported	  to	  the	  Golgi	  apparatus,	  which	   initially	   tethers	   them,	   and	   finally	   fuses	   its	   membrane	   with	   the	   vesicle	  membrane.	  Tethering	  consists	  of	  the	  initial	  connection	  of	  the	  ER	  trafficking	  vesicles	  to	  the	  Golgi	  membrane,	  and	  is	  mediated	  by	  transport	  protein	  particle	  complex	  (TRAPP)	  and	  Rab	  GTPase	  protein	  Ypt1	   (Cao	   et	   al.,	   1998).	   TRAPP	   complex	   is	   localized	   at	   the	  Golgi	   apparatus	  membrane,	   and	   interacts	  with	   Sec23	   component	  of	  COPII	   complex,	  finally	  mediating	  the	  docking	  of	  ER	  trafficking	  vesicle	  with	  the	  Golgi	  membrane	  (Cai	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et	  al.,	  2007).	  TRAPP	  complex	  also	  acts	  as	  a	  GEF	  for	  Ypt1	  protein,	  which	  recruits	  other	  tethering	  factors	  that	  finally	  recruit	  the	  SNARE	  proteins	  and	  mediate	  fusion	  between	  the	  trafficking	  vesicle	  membrane	  and	  the	  acceptor	  membrane	  (Pelham,	  2001;	  Sutton	  et	  al.,	  1998).	  While	  secretory	  proteins	  proceed	  through	  the	  Golgi	  apparatus,	  proteins	  that	   are	   destined	   to	   funnction	   in	   the	   ER	   are	   first,	  modified,	   if	   needed,	   in	   the	   Golgi	  apparatus,	  and	  then	  they	  are	  retrograded	  back	  to	  the	  ER	  through	  COPI	  coat	  trafficking	  vesicles.	   Dsl1	   tethering	   complex	   interacting	   with	   COPI	   complex	   mediates	   the	  tethering	  of	  retrograded	  Golgi	  vesicles	  to	  the	  ER	  (Reilly	  et	  al.,	  2001),	  while	  the	  fusion	  is	  mediated	  by	  ER-­‐localized	  SNARE	  proteins	  (Rogers	  et	  al.,	  2014).	  	  
2.2	  Vesicle	  trafficking	  from	  Golgi	  to	  the	  Plasma	  membrane	  	  During	   transition	   through	   the	   Golgi,	   cargo	   proteins	   arriving	   from	   the	   ER	   undergo	  different	   post-­‐translational	  modifications	   that	   are	   needed	   for	   theier	   function	   or	   for	  the	   next	   step	   of	   protein	   sorting	   before	   reaching	   their	   final	   destination	   (Day	   et	   al.,	  2013).	   Sorting	   of	   cargos	   destined	   to	   the	   plasma	  membrane	   or	   to	   the	   vacuole	   takes	  place	  in	  trans-­‐Golgi,	  the	  last	  Golgi	  compartment,	  where	  proteins	  are	  packaged	  in	  new	  trafficking	   vesicles	   (Griffiths	   and	   Simons,	   1986).	   	   Two	   types	   of	   trafficking	   vesicles	  have	  been	  suggested	  to	  exist:	  one	  vesicle	  type	  transports	  cargo	  proteins	  from	  trans-­‐Golgi	   directly	   to	   the	   plasma	   membrane,	   while	   the	   other	   type	   reaches	   the	   plasma	  membrane	  transiting	  through	  endosome	  compartment	  (Harsay	  and	  Bretscher,	  1995;	  Harsay	  and	  Schekman,	  2002).	  Plasma	  membrane-­‐directed	  vesicles	  are	   tethered	  to	  a	  multi-­‐protein	  complex,	  called	  exocyst	  complex,	  which	  is	  conserved	  in	  all	  eukaryotes	  	  and	  composed	  by	  Sec3,	  Sec5,	  Sec6,	  Sec8,	  Sec10,	  Sec15,	  Exo70	  and	  Exo84	  proteins.	  The	  exocyst	   complex	   also	   has	   a	   role	   in	   determining	   the	   site	   of	   tethering	   in	   the	   plasma	  membrane	   (He	   and	   Guo,	   2009).	   Two	   components	   of	   the	   exocyst	   complex,	   namely	  Sec3	   and	   Exo70,	   interact	   with	   a	   specific	   lipid,	   phosphatidylinositol	   (4,5)-­‐
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bisphosphate,	   at	   the	   plasma	   membrane	   (Pleskot	   et	   al.,	   2015).	   At	   the	   end	   of	   this	  process,	  the	  Snc1	  SNARE	  complex	  and	  the	  Sec4	  Rab	  GTPase	  mediate	  the	  fusion	  of	  the	  trans-­‐Golgi	  trafficking	  vesicle	  with	  the	  plasma	  membrane	  (Gerst	  et	  al.,	  1992)	  	  
	  
2.3	  Vesicle	  trafficking	  from	  Golgi	  to	  the	  vacuole	  Two	  trafficking	  paths	  are	  known	  to	  transport	  proteins	  from	  the	  Golgi	  to	  the	  vacuole:	  a	  direct	  path,	  which	   is	   exploited	   to	   transport	   the	  alkaline	  phosphatase	   (ALP)	  enzyme	  (and	   is	   therefore	  known	  as	  “the	  ALP	  pathway”),	  and	  an	   indirect	  one,	  also	  known	  as	  the	   vacuolar	   sorting	   protein	   (VPS)	   pathway,	   in	   which	   proteins	   transit	   through	  endosomes	  before	  finally	  reaching	  the	  vacuole.	  	  	  
2.3.1	  From	  Golgi	  to	  Vacuole	  via	  ALP	  pathway	  The	  ALP	  protein	  is	  concentrated	  in	  the	  trans-­‐Golgi	  thanks	  to	  the	  adaptor	  complex	  AP-­‐3,	  which	   is	   composed	   of	   different	   subunits,	   including	   Ap15,	   Ap16,	   Apm3	   and	  Aps3	  (Cowles	  et	   al.,	   1997;	  Odorizzi	   et	   al.,	   1998).	  Then,	  ALP	   is	   transported	   to	   the	  vacuole	  through	  AP-­‐3	  clathrin	  coated	  vesicles	  (Vowels	  and	  Payne,	  1998).	  The	  clathrine	  coat	  is	  required	   for	   Golgi	   membrane	   deformation	   and	   vesicle	   budding.	   The	   tethering	   and	  fusion	   of	   the	  ALP-­‐containing	   vesicles	   are	  mediated	   by	   the	  HOPS	   complex	   and	   Ypt7	  GTPase	  (Wickner,	  2010).	  The	  ALP	  transport	  pathway	  is	  independent	  of	  the	  VPS	  pathway	  and	  indeed,	  the	  ALP	  enzyme	  is	  correctly	  delivered	  to	  the	  vacuole	  in	  vps	  mutant	  cells	  (Piper	  et	  al.,	  1997).	  	  	  Another	  protein	  that	  is	  transported	  to	  the	  vacuole	  through	  the	  ALP	  pathway	  is	  Vam3,	  which	   is	   involved	   in	   the	   fusion	   of	   trans-­‐Golgi	   vesicle	   with	   the	   vacuole	   (Wickner,	  2010).	  	  The	   alkaline	   phosphatase	   ALP	   is	   concentrated	   at	   the	   trans-­‐Golgi	   by	   the	   adaptor	  complex	  AP-­‐3	  that	  is	  composed	  of	  different	  subunits	  such	  as	  Ap15,	  Ap16,	  Apm3	  and	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Aps3	  .	  Then	  ALP	  is	  transported	  to	  the	  vacuole	  through	  AP-­‐3	  clathrin	  coated	  vesicles	  .	  The	  clathrine	  coat	  is	  required	  for	  deformation	  of	  the	  membrane	  and	  vesicle	  budding.	  Then,	  tethering	  and	  fusion	  of	  the	  ALP	  containing	  vesicles	  are	  mediated	  by	  the	  HOPS	  complex	  and	  Ypt7	  GTPase	  .	  This	  pathway	  was	  discovered	  to	  be	   independent	  of	   the	  VPS	  pathway	  because	   in	  vps	  mutants,	  ALP	  enzyme	  was	  correctly	  delivered	  to	  the	  vacuole	  .	  	  	  Another	  protein	  that	  is	  transported	  to	  the	  vacuole	  through	  the	  ALP	  pathway	  is	  Vam3	  that	  is	  involved	  in	  fusion	  of	  trans-­‐Golgi	  vesicle	  with	  the	  vacuole	  .	  	  
	  
2.3.2	  From	  Golgi	  to	  Vacuole	  via	  VPS	  pathway	  The	   intracellular	   transport	   of	   the	   soluble	   hydrolase	   carboxypeptidase	   Y	   (CPY)	  enzyme	   from	   the	   trans-­‐Golgi	   to	   the	   vacuole	   through	   endosomes	   is	   one	   of	   the	   best	  characterized	   transport	   mechanisms.	   Indeed,	   the	   majority	   of	   VPS	   genes	   were	  identified	   through	   mutagenesis	   screens	   based	   on	   CPY	   missorting	   (Bowers	   and	  Stevens,	   2005).	   In	   the	   trans-­‐Golgi,	   the	   hydrolase	   CPY	   is	   sorted	   by	   binding	   to	   his	  transmembrane	  receptor	  Vps10.	  The	  CPY/Vps10	  complex	  is	  then	  transported	  to	  the	  late	  endosomes	  through	  clathrin	  coated	  vesicles	  (Deloche	  et	  al.,	  2001).	  The	  fusion	  of	  vesicle	   with	   the	   endosomes	   is	   mediated	   through	   core	   class	   C	   vacuole/endosome	  tethering	   (CORVET)	   complex	   and	   SNARE	   proteins.	   Then,	   the	   CPY	   hydrolase	   is	  released	   in	   the	   endosomal	   lumen	   and	   reaches	   the	   vacuole	   after	   fusion	   of	   the	   late	  endosomes	  with	   the	   vacuole.	   This	   final	   event	   is	  mediated	  by	  homotypic	   fusion	   and	  protein	  sorting	  (HOPS)	  complex,	   the	  Vam3	  SNARE	  protein	  and	   the	  Yp7	  GTPase;	   the	  Vps10	  is	  recycled	  back	  to	  the	  trans-­‐Golgi	  through	  a	  retrograde	  transport	  mediated	  by	  retromer	   complex.	   The	   retromer	   complex	   is	   composed	   by	   two	   sub-­‐complexes:	   one	  composed	  of	  Vps35,	  Vps29	  and	  Vps26,	  which	  is	  involved	  in	  the	  selection	  of	  cargos	  to	  be	   transported,	   and	   another	   one	   composed	   of	   Vps5	   and	   Vps17,	   which	   plays	   a	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structural	   role	   in	   vesicle	   formation	   (Seaman,	   2012).	   Vps5	   and	   Vps17	   bind	   to	   the	  phosphatidylinositol	   3-­‐P	   (PtdIns3P)	   at	   the	   endosomal	   membrane	   through	   a	   Phox	  homology	  (PX)	  domain.	  It	  has	  been	  suggested	  that	  the	  complex	  composed	  of	  Vps34,	  Vps15,	   Vps30/Atg6	   and	   Vps38	   synthetizes	   PtdIns3P	   at	   the	   endosomal	   membrane,	  thus	  regulating	  the	  retromer	  complex	  (Burda	  et	  al.,	  2002).	  	  	  
2.4	  Protein	  sorting	  at	  the	  late	  endosome	  	  Late	  endosomes	  are	   involved	  in	  the	  sorting	  of	  proteins	  coming	  from	  trans-­‐Golgi.	   	   In	  particular,	  proteins	  destined	  to	  the	  vacuolar	   lumen,	  but	  present	   in	  the	  endosome	  as	  trans-­‐membrane	  proteins,	   are	   sorted	   by	   other	   endosome	   trans-­‐membrane	  proteins	  that	   are	   either	   subject	   to	   retrograde	   transport	   to	   the	   Golgi	   or	   destined	   to	   become	  trans-­‐membrane	  proteins	  in	  the	  vacuole.	   	  Protein	  ubiquitination	  has	  been	  suggested	  to	   mediate	   sorting	   of	   certain	   cargos	   in	   late	   endosomes	   .	   For	   some	   cargos,	  ubiqutination	   occurs	   at	   the	   trans-­‐Golgi,	   while	   for	   other	   cargos	   it	   can	   occur	   in	   late	  endosomes.	   Ubiquitin	   ligases,	   such	   as	   Tul1	   and	   Rsp5,	   have	   been	   implicated	   in	   this	  process.	  Tul1	   is	   localized	  at	   the	   trans-­‐Golgi,	  where	   it	   ubiquitinates	   several	  proteins	  destined	   to	   vesicle	   trafficking;	   in	   the	   absence	   of	   Tul1,	   proteins	   such	   as	   the	  carboxypeptidase	   S	  Cps1	   and	   the	  polyphosphatase	  Phm5	   fail	   to	  be	  ubiquitined	   and	  properly	   sorted	   in	   late	   endosomes.	   Rsp5	   is	   localized	   in	   different	   cellular	  compartments	   including	   trans-­‐Golgi	   and	   endosomes	   (Wang	   et	   al.,	   2001a).	   	   To	  ubiquitinate	   its	   substrate	   cargos,	   Rsp5	   binds	   to	   adaptors	   such	   as	   Bul1	   and	   Bul2	  (Yashiroda	   et	   al.,	   1996).	   The	   Rsp5-­‐Bul1-­‐Bul2	   complex	   is	   required	   for	   ubiquitin-­‐dependent	   sorting	   of	   the	   general	   aminoacid	   permease	   1	   (GAP1)	   (Helliwell	   et	   al.,	  2001)	  and	   the	   tryptophane	  permease	  Tat2	   (Beck	  et	  al.,	  1999),	   two	  AA	   transporters	  that	  are	  degraded	  to	  the	  vacuole.	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Late	   endosomes	   typically	   contain	  multiple	   vesicles	   in	   their	   lumen;	   for	   this	   reason,	  they	  are	  also	  known	  as	  mutivesicular	  bodies	  (MVB).	  Four	  different	  endosomal	  sorting	  complexes	  required	   for	   transport	   (ESCRT),	  namely	  ESCRT-­‐0,	  ESCRT-­‐I,	  ESCRT-­‐II	  and	  ESCRT-­‐III,	  are	  sequentially	  recruited	  to	  the	  endosomal	  membrane	  (Henne	  et	  al.,	  2011;	  Saksena	  and	  Emr,	  2009).	  It	  has	  ben	  suggested	  that	  ESCRT-­‐0,	  ESCRT-­‐I,	  ESCRT-­‐II	  bind	  to	   ubiquineted	   cargo	   at	   the	   endosomal	   membrane	   and	   are	   involved	   in	   the	  invagination	  of	  the	  membrane,	  while	  ESCRT-­‐III	  is	  involved	  in	  pinching	  off	  the	  vesicle	  from	  the	  membrane	  and	  in	  forming	  the	  intra-­‐endosomal	  vesicle	  (Henne	  et	  al.,	  2011).	  ESCRT-­‐0,	   composed	   of	   Vps27	   and	  Hes1	  proteins,	   is	   recruited	   to	   the	   late	   endosome	  membranes	  by	  PtdIns3P	  molecules	  that	  are	  localized	  at	  late	  endosomes	  (Katzmann	  et	  al.,	   2003).	   Binding	   to	   the	   PtdIns3P	   is	  mediated	   by	   FYVE	   domain	   present	   in	   Vps27.	  ESCRT-­‐0	   complex	   binds	   also	   to	   ubiquitinated	   cargos	   through	   ubiquitin	   interacting	  motifs	  on	  Vps27	  and	  Hes1	  (Prag	  et	  al.,	  2007).	  The	  interaction	  of	  Vps27	  with	  Vps23,	  a	  component	  of	  ESCRT-­‐I	  complex,	  mediates	  the	  assembly	  of	  ESCRT-­‐I	  at	  the	  endosome.	  ESCRT-­‐I	   can	   also	   interact	  with	  ubiquitinated	   cargos	   (Katzmann	  et	   al.,	   2001).	   In	   the	  next	   step,	  ESCRT-­‐II	   is	   recruited	   to	   the	  endosomal	  membrane	   through	   its	  binding	   to	  ESCRT-­‐I	  (Teo	  et	  al.,	  2006),	  but	  in	  addition	  via	  a	  GRAM-­‐like	  ubiquitin-­‐binding	  in	  EAP45	  (GLUE)	   domain	   on	   its	   subunit	   Vps36	   bound	   to	   PtdIns3P	   (Slagsvold	   et	   al.,	   2005).	  ESCRT-­‐II	   finally	   recruits	   ESCRT-­‐III	   through	   an	   interaction	   with	   its	   Vps20	   subunit,	  which	  also	  mediates	  vesicle	  scission	  together	  with	  Vps4	  ATPase	  (Azmi	  et	  al.,	  2006).	  Endosomes	  are	  also	  involved	  in	  sorting	  proteins	  that	  are	  transported	  from	  the	  plasma	  membrane	  during	  endocytosis.	  For	  example,	  the	  general	  amino	  acid	  transporter	  Gap1	  is	   expressed	   at	   the	   plasma	   membrane	   under	   poor	   nitrogen	   condition.	   After	   the	  addition	   of	   a	   good	   nitrogen	   source,	   Gap1	   is	   first	   ubiquitinated	   by	   Rsp5-­‐Bul1-­‐Bul2	  complex,	   and	   consequently	   internalized	   through	   endocytotic	   vesicles.	   In	   the	   yeast	  
S.cerevisiae,	  endocytosis	  is	  mainly	  mediated	  through	  clathrin-­‐coated	  vesicles.	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3.	  PtdIns(3)P	  role	  and	  turnover	  in	  yeast	  Phosphoinositides	   are	   key	   regulator	   of	   many	   cellular	   processes	   (Odorizzi	   et	   al.,	  2000).	  They	  consist	  of	  phosphatidylinositol	  membrane	  lipids	  that	  are	  phosphorylated	  at	  the	  inositol	  ring	  by	  specialized	  kinases.	  Due	  to	  the	  relevance	  of	  PtdIns(3)P	  to	  our	  work,	  as	  well	  as	  the	  fact	  that	  this	  lipid	  is	  involved	  in	  endocytosis	  and	  autophagy,	  we	  will	  describe	  its	  production	  and	  biological	  roles	  in	  more	  details.	  	  PtdIns(3)P	  production	  is	  mediated	  by	  the	  class	  III	  phosphatidylinositol	  kinase	  Vps34,	  which	   phosphorylates	   phosphatidylinositol	   at	   the	   D-­‐3	   position	   of	   the	   inositol	   ring.	  Yeast	  strains	  deleted	  for	  VPS34	  lack	  detectable	  PtdIns(3)P	  (Schu	  et	  al.,	  1993).	  Vps34	  is	  recruited	  to	  the	  membrane	  through	  a	  serine/threonine	  kinase	  Vps15	  that	  binds	  to	  membrane	  lipids	  via	  its	  NH2-­‐terminal	  myristoyl	  domain.	  The	  serine/threonine	  kinase	  activity	   of	   Vps15	   is	   also	   required	   for	   Vps34	   activation;	   indeed,	   point	   mutations	   of	  Vps15	  kinase	  domain	   inhibit	  Vps34	  recruitment	   to	   the	  membrane	  and	  also	   its	   lipid	  kinase	  activity	  (Stack	  et	  al.,	  1995;	  Stack	  et	  al.,	  1993).	  	  The	  interaction	  between	  Vps15	  and	   Vps34	   leads	   to	   the	   formation	   of	   a	   stable	   Vps15-­‐Vps34	   complex	   that	   either	  localizes	   to	   the	   late	   Golgi	   or	   at	   the	   endosomal	  membrane.	  VPS34	   and	  VPS15	   genes	  were	   identified	   in	   screens	   for	   genes	   that	   affect	   the	   VPS	   pathway,	   suggesting	   a	  functional	  role	  for	  PtdIns(3)P	  in	  vesicle	  trafficking	  (Bankaitis	  et	  al.,	  1986;	  Robinson	  et	  al.,	   1988).	   Confirming	   this	   hypothesis	   is	   the	   fact	   that	   many	   proteins	   involved	   in	  vesicle	   trafficking	   also	   possess	   PtdIns(3)P-­‐binding	   domains.	   It	   is	   the	   case	   of	   Vac1,	  Vps27,	   Fab	   and	   Pib1	   proteins,	   which	   participate	   in	   different	   steps	   of	   protein	  trafficking	   to	   the	   vacuole	   and	   contain	   the	   FYVE	   domain	   that	   specifically	   binds	   to	  PtdIns(3)P	   in	   vitro	   (Burd	   and	   Emr,	   1998;	   Gaullier	   et	   al.,	   1998;	   Misra	   and	   Hurley,	  1999;	  Patki	  et	  al.,	  1998);	  moreover,	  the	  Vps5	  and	  Vps17	  proteins	  that	  are	  involved	  in	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retromer	   complex	   formation	  bind	  PtdIns(3)P	   through	  Phox	  homology	   (PH)	  domain	  (Burda	  et	  al.,	  2002).	  	  
3.1	  PtdIns3-­‐kinase	  complexes	  In	   S.	   cerevisiae,	   Vps34-­‐Vps15	   can	   associate	  with	   different	   proteins	   to	   form	   distinct	  complexes;	  one	  such	  complex	  (namely	  Complex	  I)	  is	  composed	  of	  Vps34-­‐Vps15,	  Atg6	  and	   Atg14,	   and	   is	   active	   in	   the	   first	   steps	   of	   autophagosome	   formation	   during	  autophagy	   (see	   below)	   (Kihara	   et	   al.,	   2001).	   The	   second	   complex	   (Complex	   II)	  consists	  of	  Vps34-­‐Vps15,	  Atg6	  and	  Vps38,	  and	  is	  involved	  in	  CPY	  sorting	  from	  trans-­‐Golgi	   to	   the	  vacuole	  via	   the	   endosome	   (Kihara	  et	   al.,	   2001).	  These	   complexes	  work	  independently	   from	  each	   either,	   and	   localize	   at	   different	   intracellular	   sites	   that	   are	  mainly	   dictated	   by	   the	   specific	   component	   of	   each	   complex;	   indeed,	   Atg14	   is	  necessary	   for	   the	   localization	  of	  Complex	   I	   at	   the	   site	  of	   autophagosome	   formation,	  while	  Vps38	  is	  needed	  for	  localization	  of	  Complex	  II	  at	  the	  endosomes.	  Vps34-­‐Vps15	  can	  also	  bind	  to	  other	  proteins,	   thus	   forming	  additional	  complexes,	  as	  suggested	  by	  Ohsumi	  and	  coworkers	  (Obara	  et	  al.,	  2006).	  	  
	  
Figure	  4:	  Two	  distinct	  PtdIns(3)P-­‐producing	  complexes	  function	  in	  the	  autophagy	  and	  the	  VPS	  
pathways.	  In	   yeast	   cells,	   the	   synthesis	   of	   PtdIns(3)P	   is	   mediated	   by	   the	   kinase	   Vps34,	   which	   is	   recruited	   at	  organelle	   (endosomes,	   autophagosomes)	   membranes	   by	   the	   Vps15	   kinase.	   The	   Vp34-­‐Vps15	   kinase	  
Atg6% Atg6%
autophagosomal+
membrane+
endosomal+
membrane+
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subcomplex	  works	   in	   two	  distinct	  complexes,	  Complex	   I	  and	  Complex	   II,	  both	  of	  which	  share	  Vps34,	  Vps15	  and	  Atg6,	  and	  differ	  by	  a	  specific	  component,	  Atg14	  (Complex	  I)	  or	  Vps38	  (Complex	  II).	  Complex	  I	   localizes	  at	   the	  autophagosome,	  which	  degrades	  proteins	  and	  damaged	  organelles	  when	  fused	  with	  the	   lysosome	  during	   autophagy,	  while	   Complex	   II	   resides	   at	   endosomes	   and	   is	   involved	   in	   vacuolar	  protein	  trafficking	  through	  the	  VPS	  pathway.	  	  	  
Figure	  adapted	  from	  Nakatogawa	  et	  al,	  Nature	  Reviews	  Molecular	  Cell	  Biology,	  2009.	  	  PtdIns(3)P	  is	  therefore	  synthesized	  from	  PtdIns	  by	  different	  Vps34-­‐Vps15	  complexes;	  the	  specific	  biological	  function	  played	  by	  PtdIns(3)P	  in	  different	  biological	  processes	  likely	   depends	   on	   the	   site	   where	   its	   is	   synthesized,	   which	   in	   turn	   depends	   on	   the	  proteins	   that	   are	   associated	  with	   the	  Vps15-­‐Vps34	   complex	   and	   that	   determine	   its	  subcellular	  localization	  (Odorizzi	  et	  al.,	  2000).	  	  	  
3.2	  Turnover	  of	  PtdIns(3)P	  ,	  myotubularin	  related	  and	  
synaptojanin-­‐like	  phosphatases	  Dephosphorylation	  of	   	  PtdIns(3)P	  to	  PtdIns	   likely	  switches	  off	   the	  biological	  signals	  that	   are	   activated	   by	   Vps15-­‐Vps34,	   and	   is	   mediated	   by	   different	   phosphatases.	   In	  budding	   yeast	   cells,	   the	   myotubularin-­‐related	   phosphatase	   Ymr1	   and	   the	  synaptojanin-­‐like	   phosphatases	   Inp52	   and	   Inp53	   play	   an	   essential	   role	   in	   the	  regulation	   of	   PtIns(3)P	   levels	   (Parrish	   et	   al.,	   2004,	   2005).	   Ymr1	   specifically	  dephosphorylates	   PtdIns(3)P,	   while	   Inp52	   and	   Inp53	   can	   catalyze	   the	  dephosphorylation	  of	  	  different	  phosphoinositades,	  including	  PtdIns(3)P,	  PtdIns(4)P,	  PtdIns(5)P	   and	   PtdIns(3,5)P.	   Ymr1,	   Inp52	   and	   Inp53	   are	   therefore	   redundant	   in	  dephosphorylating	   PtdIns(3)P,	   and	   single	   phosphatase	   mutants	   do	   not	   contain	  significantly	   increased	   PtdIns(3)P	   levels	   and	   have	   little	   phenotypes	   in	   untreated	  conditions.	  On	  the	  other	  hand,	  mutants	  with	  double	  YMR1	  and	  INP53	  deletion	  show	  increased	   levels	   of	   PtdIns(3)P,	   protein	   sorting	   defects	   and	   fragmented	   vacuoles	  	  (Parrish	  et	  al.,	  2004).	  Finally,	  loss	  of	  all	  three	  Ymr1,	  Inp52	  and	  Inp53	  phosphatases	  is	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lethal	   for	  yeast	   cells,	   and	   lethality	   is	  at	   least	   in	  part	  attributable	   to	  accumulation	  of	  PtdIns(3)P,	  which	  cannot	  be	  contrasted	  by	  other	  phosphatases.	  Interestingly,	  deletion	  of	  ATG6	   gene,	  which	  compromises	   the	  kinase	  activity	  of	  Vps15-­‐Vps34	  complexes	  at	  different	  subcellular	  sites	   (Kihara	  et	  al.,	  2001),	   suppresses	   the	   lethality	  of	   the	   triple	  phosphatase	   ymr1Δ 	   inp52ts	   inp53Δ 	   mutant	   by	   significantly	   decreasing	   the	  production	   and	   accumulation	   of	   intracellular	   PtdIns(3)P	   (Parrish	   et	   al.,	   2005)	   (Fig.	  
5).	  
	  
Figure	  5:	  ATG6	  deletion	  leads	  to	  reduced	  PtdIns3P	  levels,	  while	  deletion	  of	  YMR1,	  INP52	  and	  
INP53	  phosphatases	  increases	  them.	  a)	   Quantitative	   comparison	   of	   PtdIns(3)P,	   PtdIns(4)P,	   PtdIns(3,5)P	   and	   PtdIns(4,5)P	   levels	   in	   WT	  (black	  bars)	  or	  ymr1Δ	  inp53Δ	  mutant	  cells	  (gray	  bars)	  in	  a);	  	  b)	   Quantitative	   comparison	   of	   PtdIns(3)P	   levels	   in	   WT	   (black	   bars),	   ymr1Δ	   inp52ts	   inp53Δ	   triple	  mutant	  (white	  bars),	  ymr1Δ	  inp52ts	  inp53Δ	  atg6Δ	  quadruple	  mutant	  (gray	  bars)	  and	  atg6Δ	  mutant	  cells	   (dashed	   bars).	   Levels	   of	   PI3P	   are	   expressed	   as	   the	   percentage	   of	   the	   total	   3H-­‐labeled	  phosphoinositides	  analyzed	  by	  high-­‐performance	  liquid	  chromatography	  (HPLC)	  for	  a)	  and	  b)	  
a)	  adapted	  from	  Parrish	  et	  al,	  Molecular	  Biology	  of	  the	  cell,	  2004.	  
b)	  adapted	  from	  Parrish	  et	  al,	  Journal	  of	  Cell	  Science,	  2005.	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3.3	  PtdIns(3)P	  in	  mammals,	  role	  in	  cancer	  In	  mammalian	  cells,	  PtdIns(3)P	  produced	  by	  the	  Class	  III	  phosphatidylinositol	  kinase	  Vps34	   plays	   an	   important	   role	   in	   autophagy	   and	   protein	   sorting	   (Lindmo	   and	  Stenmark,	   2006).	   In	   mammalian	   cells,	   AAs	   stimulate	   Vps34-­‐induced	   production	   of	  PtdIns(3)P.	   Indeed,	   AA	   starvation	   reduces	   hVps34	   activity	   and	   PtdIns(3)P	  production.	   In	   this	   pathway,	   hVps34	   has	   ben	   suggested	   to	   function	   upstream	   of	  mTORC1	  pathway	  (Byfield	  et	  al.,	  2005;	  Nobukuni	  et	  al.,	  2005;	  Yoon	  et	  al.,	  2011).	  To	  date,	  the	  mechanism	  by	  which	  hVps34	  senses	  AA	  concentration	  is	  still	  unclear.	  	  Distinct	   Vps34-­‐Vps15	   complexes	   have	   been	   identified	   in	   mammals,	   thus	  recapitulating	   the	   findings	  of	  yeast	  studies.	   In	  particular,	  Complex	   I	   is	  composed	  by	  the	  Vps15-­‐Vps34	  sub-­‐complex	  associated	  with	  Beclin1	  and	  Atg14L,	   the	  mammalian	  orthologous	   of	   yeast	   Atg6	   and	   Atg14,	   respectively;	   Complex	   II	   instead	   contains	  Vps15-­‐Vps34	   bound	   to	   Beclin1	   and	   UVRAG	   subunit,	   the	   orthologs	   of	   	   yeast	   Vps38	  (Itakura	  et	  al.,	  2008).	  Similar	   to	  yeast	  cells,	   the	  mammalian	  Complex	  I	  regulates	   the	  early	   steps	   of	   autophagy,	   in	   particular	   vesicle	   nucleation,	   while	   Complex	   II,	   which	  localize	   at	   late	   endosome	   membranes,	   is	   involved	   in	   autophagy	   but	   also	   in	   other	  vesicle	  trafficking	  processes	  (Funderburk	  et	  al.,	  2010;	  Itakura	  and	  Mizushima,	  2009;	  Liang	  et	  al.,	  2006).	  	  Of	  note,	  BECN1,	  the	  gene	  encoding	  for	  Beclin1,	  is	  located	  within	  the	  17q21	  region	  of	  	  chromosome	  17,	  which	  is	  deleted	  in	  different	  human	  cancers	  (Aita	  et	  al.,	  1999).	  While	  homozygous	  deletion	  of	  BECN1	  is	  lethal	  in	  mammalian	  cells	  and	  is	  incompatible	  with	  the	  embrionic	  development	  of	  mice,	  heterozygous	  deletion	  does	  not	  cause	  significant	  developmental	  defects	  (Yue	  et	  al.,	  2003).	  For	   this	  reason,	   transgenic	  mice	  with	  only	  one	  BECN1	   intact	   gene	   (BECN1+/-­‐)	   have	   been	   developed	   to	   study	   the	   propensity	   of	  animals	  with	  possible	  Beclin	  1	  haploinsufficiency	   to	  develop	  diseases.	   Interestingly,	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heterozygous	  BECN1+/-­‐	  mice	  develop	  spontaneous	  tumors	  more	   frequently	  than	  WT	  animals,	  thus	  suggesting	  a	  role	  for	  autophagy	  or	  other	  Beclin1-­‐mediated	  processes	  in	  suppressing	  tumorigenesis	  (Yue	  et	  al.,	  2003).	  In	  addition	  to	  this	  finding,	  many	  studies	  on	   human	   cancers	   have	   shown	   that	   BECN1	   is	   deleted	   in	   approximately	   75%	   of	  ovarian,	   50%	  of	   breast	   and	   40%	  of	   prostate	   cancers	   (Aita	   et	   al.,	   1999;	   Liang	   et	   al.,	  1999);	  moreover,	  decreased	  expression	  of	  Beclin	  1	  is	  also	  observed	  in	  other	  types	  of	  cancers,	  including	  human	  colon	  cancer	  (Koneri	  et	  al.,	  2007),	  brain	  tumors	  (Miracco	  et	  al.,	  2007),	  and	  hepatocellular	  carcinoma	  (Daniel	  et	  al.,	  2007).	  However,	  not	   all	  published	   results	   are	   consistent	   in	   suggesting	  a	   tumor	   suppressor	  function	   for	   Beclin1.	   For	   instance,	   Beclin1	   has	   been	   involved	   in	   promoting	  tumorigenesis	  in	  breast	  cancer	  stem	  like/progenitor	  cells	  (Gong	  et	  al.,	  2013),	  but	  it	  is	  unclear	   whether	   its	   contribution	   to	   tumorigenesis	   is	   exclusively	   due	   to	   its	   role	   in	  autophagy.	   For	   example,	   one	   recent	   study	   suggests	   that	   Beclin1	   regulates	   growth	  factor	  signaling	   in	  breast	  cancer	  by	  promoting	  endosome	  maturation	   independently	  of	  autophagy	  (Rohatgi	  et	  al.,	  2015).	  Interestingly,	  the	  UVRAG	  gene	  is	  located	  at	  11q13	  region,	  which	  is	  mutated	  or	  deleted	  in	  different	  cancers,	  in	  particular	  in	  colon	  cancer,	  and	  is	  considered	  as	  a	  tumor	  suppressor	  gene	  (Ionov	  et	  al.,	  2004;	  Liang	  et	  al.,	  2006).	  	  
4.	  Autophagy	  Autophagy	  is	  a	  cellular	  process	  that	  has	  evolved	  to	  respond	  to	  starvation	  conditions.	  It	   consists	   of	   the	   degradation	   of	   intracellular	   components	   to	   provide	   metabolic	  substrates	  that	  are	  essential	  for	  cell	  survival	  during	  nutrient	  scarcity	  (Eskelinen	  et	  al.,	  2011;	  Reggiori	   and	  Klionsky,	   2013).	  Different	   from	  proteasome-­‐mediated	   substrate	  degradation,	   which	   occurs	   in	   the	   cytoplasm	   and	   requires	   the	   addition	   of	   ubiquitin	  chains	   to	   cargos	   to	   be	   degraded,	   autophagy	   implies	   the	   formation	   of	   specialized	  double	  lipid	  membrane	  vescicles,	  called	  autophagosomes,	  which	  resemble	  the	  plasma	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membrane	   in	   terms	   of	   lipid	   composition	   and	  physical	   structure.	   The	   origin	   of	   lipid	  components	   that	   form	   autophagosomes	   is	   not	   yet	   known,	   but	   the	   endoplasmic	  reticulum	   (ER),	   the	   Golgi	   apparatus	   and	   the	   plasma	   membrane	   could	   all	   provide	  materials	  for	  autophagosome	  formation,	  maturation	  and	  expansion	  (Lynch-­‐Day	  et	  al.,	  2010;	  Mari	  et	  al.,	  2010;	  Taylor	  et	  al.,	  2012).	  After	   incorporating	   cell	   components,	   autophagosomes	   transport	   them	   into	   the	  vacuole,	   where	   they	   are	   finally	   degraded	   by	   specialized	   proteases,	   known	   as	  hydrolases,	   which	   function	   in	   acidic	   pH	   (Takeshige	   et	   al.,	   1992).	   Intracellular	  components	   that	   are	   degraded	   during	   autophagy	   include	   cytosolic	   proteins	   or	  macromolecular	   complexes,	   as	   well	   as	   damaged	   or	   useless	   organelles,	   such	   as	  mitochondria	  and	  peroxisomes	  (Mizushima	  and	  Klionsky,	  2007).	  Depending	   on	   the	   intracellular	   target,	   autophagy	   can	   be	   either	   non-­‐selective,	  when	  the	   degradation	   target	   is	   the	   cytosol	   (with	   its	   different	   components),	   or	   selective,	  when	   specific	   organelles	   are	   the	   objects	   of	   the	   degradation	   process.	   	   Moreover,	  depending	  on	  the	  mechanism	  of	  vacuole	  internalization	  of	  the	  substrates,	  autophagy	  is	   defined	   microautophagy	   or	   macroautophagy	   (Kunz	   et	   al.,	   2004;	   Shintani	   and	  Klionsky,	   2004;	   Uttenweiler	   and	   Mayer,	   2008).	   In	   the	   former	   case,	   the	   vacuole	  membrane	  protrudes	  and	  elongates	  to	  finally	  incorporate	  the	  cytoplasm	  or	  the	  cargo	  that	   are	   going	   to	   be	   degraded;	   in	   the	   latter	   case,	   the	   autophagosome,	   which	   is	  assembled	   starting	   from	   a	   precursor	   structure	   known	   as	   phagophore,	   where	  autophagy–related	  (Atg)	  proteins	  assemble,	  finally	  transports	  the	  target	  cargos	  to	  the	  vacuole	  (Klionsky	  et	  al.,	  2003);	  	  Vacuolar	  degradation	  of	  different	  cargos	  leads	  to	  the	  formation	  of	  bioavailable	  amino	  acids,	   sugars	   or	   lipids,	   which	   can	   serve	   different	   intracellular	   purposes,	   including	  protein	  synthesis	  (in	  the	  case	  of	  amino	  acids),	  energy	  (in	  the	  form	  of	  ATP	  or	  reducing	  equivalents	   such	   as	  NADH	  or	  NADPH)	   or	   biomass	   production	   (in	   the	   case	   of	   sugar	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metabolism),	   or	   repair	   processes,	   such	   as	   DNA	   or	   protein	   repair	   (Mizushima	   and	  Klionsky,	  2007).	  	  	  
4.1	  Autophagy-­‐activating	  stimuli	  Autophagy	  serves	  mainly	  two	  roles	   in	  eukaryotic	  cells:	  1)	  metabolite	  replenishment	  	  during	   nutrient	   starvation;	   2)	   degradation	   of	   damaged	   or	   unused	   intracellular	  structures,	  which	  would	   lead	  to	  useless	  energy	  wasting	  to	  be	  maintained,	  or	  energy	  expenditure	   to	   be	   repaired.	   Despite	   apparently	   very	   different,	   these	   two	   purposes	  converge	   on	   a	   common	   goal:	   to	   optimize	   metabolite	   availability,	   while	   avoiding	  useless	  wasting	  of	  energetic	  or	  anabolic	  substrates.	  From	  a	  evolutionary	  view-­‐point,	  this	  goal	  is	  vital	  for	  all	  eukaryotic	  cells	  that	  frequently	  face	  nutrient	  starvation	  due	  to	  environmental	   conditions	   of	  metabolite	   scarcity,	   competition	  with	   similar	   or	   other	  living	   organisms,	   dangerous	   physical	   or	   chemical	   conditions	   causing	   oxidative,	  genotoxic	   or	   proteotoxic	   stress	   that	   require	   increased	   energy	   and	   metabolic	  substrates	   to	   repair	   damage	   to	   intracellular	   structures	   (Mitchener	   et	   al.,	   1976;	  Takeshige	  et	  al.,	  1992).	  
4.1.1	  Starvation-­‐induced	  autophagy	  activation	  	  Starvation	   for	  specific	  nutrients	   is	  sensed	  by	  different	  biochemical	  pathways,	  which	  respond	   by	   activating	   autophagy	   in	   different	   ways.	   In	   the	   end,	   all	   these	   pathways	  converge	   on	   the	   formation	   of	   vacuole	   protrusions	   (microautophagy)	   or	  autophagosomes	   that	   lead	   to	   hydrolase-­‐mediated	   degradation	   of	   intracellular	  components.	  
4.1.1.1	  Glucose	  starvation	  Yeast	  cells	  preferentially	  use	  glucose	  to	  produce	  ATP	  energy	  units	  (which	  derive	  from	  glycolysis-­‐	  and	  mitochondrial	  oxidation	  of	  glucose-­‐derived	  pyruvate),	  but	  also	  for	  de	  
novo	  synthesis	  of	  amino	  acids	  (when	  a	  nitrogen	  source	  is	  also	  present),	   lipids	  (from	  glycolysis-­‐derived	   acetyl-­‐CoA)	   and	   nucleotides	   (from	   glucose-­‐derived	   amino	   acids).	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When	  glucose	  is	  scarce,	  other	  carbon	  sources,	  such	  as	  glycerol,	  ethanol	  or	  lactate,	  can	  be	  directed	   into	   the	  mitochondrial	  oxidative	  pathways,	   thus	   replacing	  most	  glucose	  functions.	   Since	   these	   molecules	   bypass	   glycolysis	   and	   are	   directly	   metabolized	  within	  mitochondria,	  cells	  require	  a	  completely	   functional	  mitochondrial	  machinery	  to	  survive	  in	  the	  absence	  of	  glucose;	  this	  is	  why	  glucose	  is	  the	  most	  versatile	  and	  by	  far	   the	   preferred	   source	   of	   carbon	   unit	   skeletons	   for	   yeast	   cells.	   Autophagy	   is	  regulated	  by	  intracellular	  glucose	  concentrations	  through	  at	  least	  three	  mechanisms:	  1)	   glucose	   leads	   to	   the	   formation	   of	   cyclic	   AMP	   (cAMP),	   which	   activates	   the	   PKA	  kinase,	   leading	   to	   PKA-­‐mediated	   phosphorylation	   and	   inhibition	   of	   Atg	   proteins,	  including	  Atg1	  and	  Atg13	  (Budovskaya	  et	  al.,	  2004).	  	  2)	   glucose	   induces	   phosphorylation	   and	   activation	   of	   Sch9	   kinase,	   which	   is	   also	  activated	  by	  the	  Tor1	  kinase;	  active	  Sch9	  inhibits	  autophagy	  by	  phosphorylating	  Atg	  proteins.	  In	  case	  of	  glucose	  scarcity,	  both	  PKA	  and	  Sch9	  are	  inactivated,	  thus	  leading	  to	  reversion	  of	  inhibitory	  phosphorylation	  of	  Atg	  proteins	  and	  consequent	  induction	  of	  macroautophagy	  (Budovskaya	  et	  al.,	  2004;	  Stephan	  et	  al.,	  2009).	  3)	   Glucose	   depletion	   serve	   as	   a	   positive	   signal	   to	   activate	   autophagy.	   Snf1	   kinase	  regulae	  this	  process	  (Wang	  et	  al.,	  2001b).	  
	  
4.1.1.2	  Amino	  acid	  starvation	  The	  Tor1	  kinase,	  a	   crucial	   stimulator	  of	  protein	   translation	  and	   lipid	  synthesis,	   and	  consequently	   cell	   growth	   and	   proliferation,	   is	   able	   to	   sense	   intracellular	   AA	  availability.Tor1	  is	  directly	  activated	  by	  AAs	  	  (e.g	  Leucine)	  which	  provide	  a	  signal	  to	  start	   protein	   synthesis;	   once	   activated,	   Tor1	   can	   either	   directly	   (e.g.	   by	  phosphorylating	   and	   inhibiting	   crucial	   autophagy	   proteins,	   including	   Atg13)	   or	  indirectly	   (by	   phosphorylating	   and	   activating	   Sch9,	  which	   then	   phosphorylates	   Atg	  proteins)	   inhibit	   autophagy	   (Kamada	   et	   al.,	   2000;	   Yorimitsu	   et	   al.,	   2007).	   On	   the	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contrary,	  in	  the	  case	  of	  AA	  scarcity,	  Tor1	  remains	  in	  an	  inactive	  state,	  and	  autophagy	  is	  activated	  (Kamada	  et	  al.,	  2000).	  The	   General	   Control	   of	   Nutrients	   (GCN)	   is	   another	   biochemical	   machinery	   that	   is	  involved	  in	  responding	  to	   intracellular	  AA	  levels	  by	  regulating	  amino	  acid	  synthesis	  and	  macroautophagy.	  The	  kinase	  Gcn2	  is	  the	  sensor	  of	  AA	  levels	  and,	  when	  activated	  by	   reduced	   intracellular	  AA	   levels,	   leads	   to	   the	   activation	  of	   the	  Gcn4	   transcription	  factor,	   which	   finally	   increases	   transcription	   of	   ATG	   genes	   and	   activation	   of	  macroautophagy	  (Natarajan	  et	  al.,	  2001)	  (For	  more	  details	   in	  this	  pathway	  see	  next	  chapter).	  	  
4.2	  Autophagy	  as	  a	  mechanism	  to	  regulate	  damaged/unused	  
organelles.	  Different	   intracellular	  organelles	  perform	  specific	  activities	  that	  require	  energy,	  and	  unnecessary	   organelles	   lead	   to	   energy	   wasting.	   Moreover,	   organelle	   duplication	  before	   cell	   division,	   as	   well	   as	   organelle	   remodelling/repair	   in	   case	   of	  physical/chemical	  damage	  also	  requires	  energy.	  Yeast	  cells	  frequently	  use	  autophagy	  to	  eliminate	  unnecessary	  or	  damaged	  organelles	  and	  derive	  metabolites	  to	  be	  used	  in	  several	   metabolic	   processes.	   This	   allows	   cells	   to	   avoid	   energy	   wasting.	   Moreover,	  eliminating	  damaged	  organelles	  also	  allows	  newborn	  cells	  to	   inherit	   fully	   functional	  organelles,	  thus	  sparing	  energy-­‐requiring	  repair	  processes	  and	  the	  formation	  of	  toxic	  metabolites	   that	   often	   derive	   from	   damaged	   organelles	   (Reggiori	   and	   Klionsky,	  2013).	  
4.2.1	  Mitophagy	  Autophagy	   is	   involved	   in	   eliminating	   both	   superfluous	   and	   damaged	  mitochondria.	  When	   cells	   are	   grown	   on	   nonfermentable	   carbon	   sources	   (glycerol,	   lactate),	  mitochondria	   are	   essential	   for	   cell	   survival,	   and	   cells	   inhibit	   autophagy-­‐	   mediated	  elimination	   of	   mitochondria.	   Upon	   shift	   to	   glucose	   media,	   most	   intracellular	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mitochondria	   become	   superfluous	   and	   are	   consequently	   digested	   through	   selective	  autophagy,	  which	  provides	  cells	  with	  metabolites,	   including	  AAs,	   that	  are	   important	  when	   external	   nitrogen	   sources	   are	   scarce.	   Damaged	   mitochondria,	   which	   can	  produce	  reactive	  oxygen	  species	  (ROS)	  that	  are	  toxic	  to	  DNA,	  proteins	  and	  lipids,	  are	  also	  efficiently	   removed	  by	  yeast	   cells	   (Priault	   et	   al.,	   2005).	   	  The	  mitogen-­‐activated	  protein	   kinase	   (MAPK)	   pathway	   is	   involved	   in	   activating	   mitophagy.	   Bck1	   MAPK	  kinase	  kinase	  was	  first	   identified	  as	  an	  important	  enzyme	  in	  the	  mitophagy	  cascade	  (Kanki	   et	   al.,	   2009);	   other	   proteins	   of	   the	   MAPK	   cascade	   acting	   either	   upstream	  (Pkc1)	   or	   downstream	   (Mkk1/Mkk2	   an	   Slt2)	   of	   Bck1,	   have	   been	   subsequently	  identified	  (Mao	  et	  al.,	  2011).	  	  	  
4.2.2	  Pexophagy	  When	   yeast	   cells	   are	   grown	   in	  media	   lacking	   glucose	   but	   rich	   in	   fatty	   acids	   (FAs),	  peroxisomes	  proliferate	  to	  allow	  cell	  survival	  through	  β-­‐oxidation	  of	  FAs.	  Conversely,	  selective	  autophagy	  of	  peroxisomes	  (known	  as	  pexophagy)	  rapidly	  occurs	  when	  cells	  are	   shifted	   to	  glucose	  media	   (Dunn	  et	  al.,	  2005;	  Titorenko	  et	  al.,	  1995;	  Tuttle	  et	  al.,	  1993).	   As	   for	   the	   case	   of	  mitophagy,	   this	  mechanism	   is	   especially	   important	  when	  AAs	   and	   nitrogen	   sources	   are	   also	   scarce,	   because	   degradation	   of	   peroxisomal	  proteins	  and	  macromolecular	  complexes	  generates	  AAs	   that	  can	  be	  used	   for	  crucial	  cellular	   processes.	   The	   MAPK	   pathway	   (Slt2),	   which	   is	   involved	   in	   mitophagy	  regulation,	  also	  regulates	  pexophagy	  (Manjithaya	  et	  al.,	  2010;	  Mao	  et	  al.,	  2011).	  
4.2.3	  Ribophagy	  During	   starvation,	   autophagy-­‐mediated	   degradation	   of	   ribosomal	   multiprotein	  complexes,	  known	  as	  ribophagy,	  is	  especially	  rapid	  and	  efficient,	  thus	  suggesting	  the	  existence	   of	   a	   selective	   degradation	   process.	   Due	   to	   the	   abundance	   of	   cytoplasmic	  ribosomes,	  it	   is	  likely	  that	  damaged	  ribosomes	  are	  degraded	  first	  (Kraft	  et	  al.,	  2008;	  Takeshige	   et	   al.,	   1992).	   Parallel	   to	   the	   requirement	   for	   the	   general	   Atg1	   and	   Atg7	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autophagy	  components,	  ribophagy	  specifically	  requires	  the	  ubiquitin	  protease	  Ubp3,	  which	  interacts	  with	  Atg19,	  possibly	  regulating	  its	  activity	  (Kraft	  et	  al.,	  2008).	  	  
4.2.4	  Reticulophagy	  Different	   stimuli,	   including	   starvation,	   endoplasmic	   reticulum	   (ER)	   stress	   or	   ER	  aggregates	  can	  induce	  ER-­‐selective	  macroautophagy	  (reticulophagy).	  The	  Atg	  19	  and	  Atg20	   components	   are	   essential	   for	   reticulophagy,	   and	   survival	   of	   yeast	   cells	   in	  conditions	   of	   ER	   stress	   depends	   on	   the	   presence	   of	   Atg	   proteins,	   but	   not	   vacuolar	  proteases	  (Bernales	  et	  al.,	  2006;	  Hamasaki	  et	  al.,	  2005).	  This	  suggests	  that	  the	  main	  function	  of	  reticulophagy	  is	  to	  sequester	  parts	  of	  damaged	  ER,	  which	  could	  transmit	  damage	  signals	  or	  be	  directly	  toxic	  to	  cells.	  
4.2.5	  Micronucleophagy	  Micronucleophagy	  is	  a	  process	  that	  occurs	  during	  nutrient	  starvation.	  At	  the	  junctions	  between	   nucleus	   and	   vacuole,	   the	   vacuolar	   membrane	   bud	   in	   to	   invagination	   that	  leads	  in	  sequestering	  a	  portion	  of	  nucleus	  together	  with	  the	  nuclear	  membrane	  inside	  of	   the	   vacuole.	   Proteins	   like	   Nvj1	   and	   Vac8	   are	   key	   players	   in	   the	   initiation	   of	  micronucleophagy	  (Roberts	  et	  al.,	  2003).	  Nvj1	   is	   localized	  at	   the	  nuclear	  membrane	  while	   Vac8	   is	   localized	   at	   the	   vacuolar	   membrane.	   Moreover,	   Atg1	   kinase,	   the	  autophagy	  master	  regulator,	   is	   important	   for	  micronucleophagy	  (Krick	  et	  al.,	  2008).	  Indeed,	  deletion	  of	  ATG1	  blocks	  micronucleophagy	  but	  only	  at	  the	  late	  steps.	  The	  role	  of	  micronucleophagy	  is	  not	  yet	  clear.	  	  
4.2.6	  Cytoplasm-­‐to-­‐vacuole	  targeting	  (Cvt)	  pathway	  	  The	   Cvt	   pathway	   is	   a	   selective,	   autophagy-­‐related	   pathway	   that	   is	   involved	   in	   the	  delivery	   of	   two	   hdrolases,	   namely	  α-­‐mannosidase	   (Ams1)	   and	   aminopeptidase	   I	  (Ape1),	   to	  the	  vacuole	  (Lynch-­‐Day	  and	  Klionsky,	  2010).	  We	  will	  briefly	  describe	  the	  case	   of	   Ape1	   processing	   by	   this	   pathway.	   Ape1	   is	   synthetized	   in	   the	   cytosol	   as	   an	  inactive	  precursor	  enzyme	  (prApe1)	  and	  is	  activated	  in	  the	  vacuole	  by	  the	  removal	  of	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the	   propeptide.	   Initially,	   prApe1	   is	   sequestered	   at	   the	   phagophore	   assembly	   sites	  (PAS)	   by	   the	   Atg9	   receptor.	   Then	   Atg9	   recruits	   the	   same	   biochemical	   machinery	  involved	   in	   autophagy,	   with	   the	   final	   packaging	   of	   prApe1	   in	   double	   membrane	  vesicles.	  Different	   from	  autophagy,	  wich	   is	  activated	  under	  starvation	  condition,	   the	  Cvt	  pathway	  is	  constitutively	  active	  in	  yeast	  cells.	  Cvt	  pathway	  has	  also	  been	  involved	  in	   the	   transport	   of	   Sae2,	   a	   DNA	   repair	   protein,	   to	   the	   vacuole,	   where	   it	   is	   finally	  degraded	  (Robert	  et	  al.,	  2011).	  	  	  
4.3	  Mechanism	  of	  autophagosome	  formation	  The	   biochemical	   pathways	   that	   underlie	   the	   formation	   and	   maturation	   of	  autophagosomes	   is	   complex	   and	   not	   fully	   elucidated.	   Describing	   all	   known	  components	   and	  mechanisms	   leading	   to	   final	   vacuolar	   degradation	   of	   intracellular	  components	   is	   beyond	   our	   scope.	   For	   this	   reason,	   we	   will	   only	   mention	   the	   basic	  components	  and	  mechanisms	  of	  the	  autophagosome	  formation.	  Central	  to	  the	  autophagy	  process	  is	  the	  Atg1	  serine/threonine	  kinase	  (Matsuura	  et	  al.,	  1997).	  Atg13	  is	  another	  important	  component,	  which	  is	  activated	  by	  Atg1	  (Kamada	  et	  al.,	   2000).	   The	   Atg1-­‐Atg13	   complex	   binds	   to	   the	   At17-­‐Atg31-­‐Atg29	   sub-­‐complex,	  which	  further	  enhances	  Atg1	  activity	  (Kabeya	  et	  al.,	  2009;	  Kamada	  et	  al.,	  2000).	  The	  Atg1-­‐Atg13	  complex	  is	  a	  crucial	  regulatory	  node	  of	  the	  process.	  PKA	  and	  TOR1,	  which	  are	   respectively	   activated	   in	   conditions	   of	   glucose	   and	   amino	   acid	   abundance,	  phosphorylate	  and	  inhibit	  both	  Atg1	  and	  Atg13;	  on	  the	  contrary,	  nutrient	  deprivation	  leads	  to	  dephosphorylation	  and	  activation	  of	  the	  Atg1-­‐Atg13	  complex	  (Budovskaya	  et	  al.,	  2005;	  Kamada	  et	  al.,	  2010).	  This	  regulatory	  step	  establishes	  a	  direct	  link	  between	  nutrient	  sensing	  and	  upstream	  regulation	  of	  autophagy	  activation.	  PtdIns(3)P	  that	  is	  produced	   by	   the	   Vps34-­‐Atg6-­‐Atg14	   Complex	   I	   binds	   to	   some	   Atg	   proteins	   and	   is	  involved	   in	   the	   assembly	   and	   maturation	   of	   phagophores	   and	   autophagosomes	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(Kihara	  et	  al.,	  2001;	  Kraft	  et	  al.,	  2008).	  Finally,	   the	   transmembrane	  Atg9	  autophagy	  protein	   is	   essential	   for	   phagophore	   and	   autophagosome	   maturation	   (Noda	   et	   al.,	  2000).	  	  PtdIns(3)P,	  Atg9	  and	  the	  Atg1-­‐Atg13	  complex	  are	  believed	  to	  cooperate	  in	  recruiting	  the	   Atg2	   and	   Atg18	   autophagy	   components	   to	   the	   phagophore-­‐assembly	   site,	   thus	  mediating	  phagophore	  formation	  and	  maturation	  (Kraft	  et	  al.,	  2008).	  
	  
4.4	  Autophagy	  and	  genome	  integrity	  Recently	  published	  data	  suggest	  a	  possible	   involvement	  of	  autophagy	  in	  mantaining	  genome	  integrity	  in	  both	  yeast	  and	  mammalial	  cells.	  	  In	  particular,	  results	  from	  our	  laboratory	  revealed	  a	  connection	  between	  the	  nuclear	  DNA	   damage	   response	   and	   the	   cytoplasmic	   autophagy	   pathways	   in	   Saccharomyces	  cerevisiae	   (Robert	   et	   al.,	   2011).In	   this	   study,	   HDAC	   inhibition	   during	   DNA	   damage	  checkpoint	  activation,	  causes	  the	  hyper-­‐actylation	  of	  Sae2,	  a	  DNA	  repair	  protein,	  and	  its	   degradation	   by	   the	   Cvt	   pathway.	   Other	   studies	   involved	   autophagy	   in	   the	  regulation	  of	  anaphase	  onset	  (Eapen	  et	  al.,	  2015;	  Matsui	  et	  al.,	  2013).	  In	  one	  of	  them.	  	  DNA	   damage	  Mec1-­‐Rad53	   checkpoint	  was	   shown	   to	   induce	   expression	   of	   different	  autophagy-­‐	  related	  genes,	  thus	  regulating	  anaphase	  initiation.	  In	   mammals,	   autophagy	   has	   been	   implicated	   in	   genome	   integrity	   mainteinance	   by	  degrading	   dysfunctional	  mitocondria	   that	   could	   lead	   to	   ROS	   production	   (Karantza-­‐Wadsworth	  et	  al.,	  2007;	  Mathew	  et	  al.,	  2007),	  or	  by	  removing	  micronucleai	  and	  other	  damaged	  nuclear	  structures	  (Kroemer	  et	  al.,	  2010;	  Rello-­‐Varona	  et	  al.,	  2012).	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Chapter	  3	  
General	  amino	  acid	  control	  (GAAC)	  response	  	  
	  
1.	  Amino	  acid	  uptake	  and	  biosynthesis	  Amino	   acids	   (AAa)	   are	   essential	   components	   for	   cell	   growth,	   proliferation	   and	  survival.	   Inside	  cells,	  AAs	  are	  used	  as	  building	  blocks	   for	   the	  synthesis	  of	  structural	  and	   enzymatic	   proteins,	   but	   also	   for	   a	   multiplicity	   of	   other	   crucial	   processes	   that	  include	  de	  novo	  synthesis	  of	  nucleotides,	  lipids,	  other	  AAs,	  glutathione,	  or	  as	  donors	  of	  monocarbon	  units	  or	  carbon	  skeletons	  for	  other	  biomolecules.	  	  Yeast	  cells	  can	  either	  uptake	  AAs	  from	  the	  external	  environment,	  or	  synthesize	  them	  
de	   novo	   through	   specialized	   biochemical	   pathways	   that	   use	   glucose	   as	   the	   carbon	  source,	  nitrogen	  base	  as	  a	  nitrogen	  source,	  and	  energy	  units	  in	  the	  form	  of	  ATP.	  	  
1.1	  Amino	  acid	  uptake	  When	  cells	  grow	  in	  nutrient-­‐rich	  media,	  AA	  uptake	  is	  the	  preferred	  source,	  because	  it	  allows	   cells	   to	   spare	   energy	   and	   glucose	   that	   can	   be	   used	   for	   other	   catabolic	   or	  anabolic	  processes.	  In	  the	  budding	  yeast	  S.	  Cerevisiae	  exist,	  different	  AA	  transporters	  exist,	  and	  are	  classified	  on	  the	  basis	  of	   the	  substrate	  they	  transport.	   In	  general,	   two	  general	   classes	   of	   transporters	   can	   be	   identified:	   “General	   Transporters”,	   including	  Gap1	   and	   Agp1	   (Grenson	   et	   al.,	   1970;	   Schreve	   et	   al.,	   1998),	   do	   not	   discriminate	  between	  different	  AAs,	  and	  AA-­‐specific	  transporters,	  which	  bind	  and	  transport	  single	  AAs	   or	   groups	   of	   AAs	   with	   similar	   chemical	   structure.	   AA-­‐specific	   transporters	  include:	  1)	  Bap2	  and	  Bap3	  that	  transport	  branched	  chain	  amino	  acids	  (valine,	  leucine,	  isoleucine)	  (Grauslund	  et	  al.,	  1995;	  Mai	  and	  Lipp,	  1994);	  2)	  Tat1,	  which	  is	  involved	  in	  transporting	  branched	  chain	  AAs,	  tyrosine	  and	  tryptophan	  (Schmidt	  et	  al.,	  1994);	  3)	  
	   50	  
Tat2,	  which	   transports	   tryptophan	  and	   tyrosine	  (Schmidt	  et	  al.,	  1994);	  4)	  Alp1	   that	  transports	   basic	   AAs	   (Sychrova	   and	   Chevallier,	   1994);	   5)	   Dip5,	   which	   transports	  dicarboxylic	  AAs	  like	  glutamate	  and	  aspartate,	  but	  also	  glutamine,	  asparagine,	  serine,	  alanine	  and	  glycine	  (Regenberg	  et	  al.,	  1998);	  6)	  Can1	  that	  transports	  arginine,	  lysine	  and	  ornithine	  (Ahmad	  and	  Bussey,	  1986);	  	  7)	  transporters	  are	  specific	  for	  single	  AAs,	  such	  as	  Lyp1	  (Lysine)	  (Sychrova	  and	  Chevallier,	  1993),	  Mup1	  and	  Mup3	  (methionine)	  (Isnard	  et	  al.,	  1996)	  and	  Put4	  (proline)	  (Courchesne	  and	  Magasanik,	  1983).	  All	  these	  transporters	   are	   present	   on	   the	   plasmatic	   membrane	   of	   yeast	   cells,	   where	   they	  mediated	  transport	  from	  the	  outside	  to	  the	  inside	  of	  each	  cell.	  Other	  AA	  transporters	  are	  instead	  located	  in	  the	  membrane	  of	  intracellular	  organelles,	  where	  they	  mediate	  transport	   from	   the	   cytoplasm	   to	   the	   organelle	   lumen,	   or	   viceversa.	   For	   example,	  seven	  AA	  transporters	  (Avt1-­‐7)	  are	  vacuole	  trans-­‐membrane	  proteins,	  which	  mediate	  AA	   transport	   from	   the	   vacuole	   lumen	   to	   the	   cytoplasm	   (Avt3,	   Avt4	   and	   Avt6)	   or	  viceversa	  (Avt1)	  (Russnak	  et	  al.,	  2001).	  
1.2	  Amino	  acid	  de	  novo	  synthesis	  AAs	  are	  synthesized	  from	  carbon	  skeletons	  of	  keto	  acids	  deriving	  from	  different	  steps	  of	   glucose	   metabolism,	   including	   pyruvate,	   3-­‐phosphoglicerate,	   pentose	   phosphate	  pathway	  or	  TCA	  cycle	   intermediates.	  To	   form	  AAs,	  ammonium	  groups	  must	  also	  be	  added	  to	  the	  carbon	  bound	  to	  the	  carboxylic	  group,	  thus	  forming	  amide	  bonds.	  	  Ammonium	  can	  be	  directly	  added	  to	  the	  TCA	  intermediate	  α-­‐ketoglutarate	  or	  the	  AA	  glutamate	  to	  form	  glutamate	  and	  glutamine,	  respectively.	  With	  respect	  to	  other	  AAs,	  the	  amino	  group	  is	  transferred	  from	  glutamate	  or	  glutamine	  to	  the	  carbon	  skeleton	  of	  single	   AAs	   through	   transamination	   reactions	   that	   are	   catalyzed	   by	   specialized	  enzymes	  known	  as	  transaminases.	  On	  the	  basis	  of	  their	  biochemical	  precursors,	  AAs	  can	  be	  divided	  into	  different	  classes	  (Ljungdahl	  and	  Daignan-­‐Fornier,	  2012)	  :	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-­‐	  Derivatives	  of	  the	  glycolysis	  intermediate	  3-­‐phosphoglycerate:	  serine,	  cysteine	  and	  glycine.	  	  -­‐	   Derivatives	   of	   the	   glycolysis	   product	   pyruvate:	   alanine,	   leucine,	   valine	   and	  isoleucine.	  	  -­‐	  Derivatives	  of	  the	  pentose	  phosphate	  pathway	  intermediate:	  histidine.	  	  	  -­‐	   Derivatives	   of	   both	   the	   glycolysis	   intermediate	   phosphoenolpyruvate	   and	   the	  pentose	   phosphate	   pathway	   intermediate	   erythrose-­‐4-­‐phosphate:	   tryptophan,	  tyrosine	  and	  phenylalanine.	  Derivatives	  of	  the	  TCA	  cycle	  intermediates:	  glutamate,	  glutamine,	  lysine,	  proline	  and	  arginine	   from	   α-­‐ketoglutarate;	   aspartate,	   asparagine,	   threonine	   and	   methionine	  from	  oxaloacetate.	  	  
	  
2.	  Regulation	  of	  intracellular	  amino	  acid	  levels	  by	  
GAAC	  pathway	  Since	  AAs	  are	  essential	  for	  several	  biochemical	  processes,	  cells	  need	  to	  continuously	  monitor	  their	  intracellular	  and	  extracellular	  levels.	  This	  allows	  them	  to	  decide	  when	  they	   need	   more	   or	   less	   of	   each	   AA,	   and	   whether	   uptake	   from	   the	   extracellular	  environment	  can	  be	  used	  as	  an	  AA	  source	  or	  not.	  Levels	  of	  extracellular	  AAs	  are	  sensed	  by	  SPS	  pathway,	  which	  regulate	  the	  expression	  of	  different	  amino	  acid	  permease	   in	  response	  to	  amino	  acid	  avelebilty	  through	  Stp1	  and	  Stp2	  transcription	  factors	  (Didion	  et	  al.,	  1998;	  Forsberg	  et	  al.,	  2001;	  Iraqui	  et	  al.,	  1999).	   In	   the	   presence	   of	   amino	   acids	   Stp1	   and	   Stp2	   are	   activated	   and	   induce	  transcription	   of	   genes	   encoding	   amino	   acid	   permeases	   such	   as	   AGP1,	   BAP2,	   BAP3,	  DIP5,	  GNP1,	  MUP1,	  TAT1	  and	  TAT2.	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Intracellular	   AA	   levels	   are	   sensed	   by	   a	   complex	   regulatory	   pathway,	   known	   as	   the	  General	   Amino	   Acid	   Control	   (GAAC)	   pathway,	   which	   is	   activated	   when	   cells	   are	  starved	   for	   single	   AAs	   or	   of	   groups	   of	   AAs,	   and	   transduces	   signals	   that	   lead	   to	  increased	  AA	  uptake	  of	  de	  novo	  synthesis	  (Hinnebusch,	  1988).	  	  The	  GAAC	  response	  consists	  of	  three	  subsequent	  steps:	  	  1)	  Sensing	  of	  AA	  starvation.	  This	  step	  is	  mediated	  by	  the	  kinase	  Gcn2,	  which	  interacts	  with	   uncharged	   tRNAs	   that	   accumulate	   during	   single	   or	   general	   AA	   starvation.	  Uncharged	   tRNAs	   are	   recognized	   by	   a	   specific	   domain	   of	   Gcn2,	   known	   as	   histidyl-­‐tRNA	  synthetase	  (HisRS)	  (Wek	  et	  al.,	  1989).	  Binding	  of	  Gcn2	  to	  uncharged	  tRNAs,	  as	  well	   as	   to	   the	  Gcn1	   and	  Gcn20	  proteins,	   is	   essential	   for	   its	   activation	   (Hinnebusch,	  2005).	  2)	   Inhibiting	   general	   translation.	   When	   intracellular	   AAs	   are	   scares,	   the	   GCAA	  pathway	  inhibits	  protein	  synthesis	  to	  spare	  AAs	  for	  essential	  biochemical	  processes.	  In	  particular,	  activated	  Gnc2	  plays	  a	  key	  role	  in	  this	  process	  by	  phosphorylating	  the	  alpha	   subunit	   	   of	   the	   eukaryotic	   initiation	   factor	   2	   (eIF2),	   which	   takes	   part	   in	   the	  ribosomal	   translation	   of	   proteins.	   eIF2	   is	   complex	   of	   the	   three	   subunits	  α,	  β,	  γ;	  when	   bound	   to	   GTP,	   it	   binds	   the	   tRNA	   charged	   with	   methionine	   (Met-­‐tRNA)	   and	  transfers	   the	   to	   the	   ribosome	   40S	   subunit.	   The	   complex	   eIF2-­‐GTP/Met-­‐tRNA	   /40S	  attaches	   to	   the	  5’UTR	   region	  of	   the	  mRNA	   transcript	   and	  migrates	   to	   the	   first	  AUG	  codon,	  thus	  joining	  the	  80S	  ribosomal	  subunit	  and	  forming	  the	  initiation	  translation	  complex.	  eIF2-­‐GTP	  then	  undergoes	  hydrolysis	  and	  is	  released	  from	  the	  translational	  complex	  as	  the	  inactive	  eIF2-­‐GDP	  form,	  which	  can	  be	  converted	  into	  eIF2-­‐GTP	  form	  to	  eventually	  start	  a	  new	  cycle.	  	  Gcn2-­‐induced	   phosphorylation	   of	   eIF2α	   inhibits	   recycling	   of	   GDP	   to	   GTP,	   thus	  leading	  to	  a	  reduction	  in	  the	  translation	  rate	  of	  mRNAs	  (Hinnebusch,	  2005).	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3)	  Activation	  of	  de	  novo	  AA	  synthesis.	  While	   inhibiting	  general	  protein	  translation,	  p-­‐eIF2α	   stimulates	   the	   translation	   of	   Gcn4	   transcription	   factor,	   which	   induces	   the	  transcription	   of	   genes	   involved	   in	   AA	   biosynthesis,	   vitamin	   biosynthesis	   and	  autophagy	   (Natarajan	   et	   al.,	   2001).	   Increased	   GCN4	   transcription	   in	   conditions	   of	  reduced	   general	   translation	   is	   achieved	   thanks	   to	   the	   peculiarity	   of	   the	   GCN4	  transcript,	   which	   contains	   four	   ORFs	   in	   addition	   to	   iniziating	   AUG;	   starting	  translation	   from	   one	   of	   the	   first	   four	   ORFs	   stops	   ribosome	   progression	   before	  completing	  Gnc4	  synthesis,	  while	  only	  translation	  from	  the	  initiating	  AUG	  leads	  to	  the	  traslation	  of	  a	   fully	   functional	  protein.	   In	  AA-­‐rich	  media,	   the	  40S	  ribosomal	   subunit	  scans	  the	  GCN4	  mRNA,	  because	  high	  levels	  of	  eIF2-­‐GTP	  lead	  to	  the	  rapid	  formation	  of	  eIF2-­‐GTP-­‐Met-­‐tRNA	   complex	   and	   the	   initiation	   of	   protein	   translation	   at	   the	   AUG	  codon	  of	  one	  of	   the	   first	   four	  ORFs.	  This	   leads	   to	   the	  production	  of	  non-­‐functioning	  proteins.	  On	  the	  other	  hand,	  AA	  scarcity	  leads	  to	  decreased	  eIF2-­‐GTP	  and	  eIF2-­‐GTP-­‐Met-­‐tRNA	   levels,	  with	   the	   consequence	   that	   the	   40S	   ribosomal	   subunit	   scans	  GCN4	  mRNA	  for	  a	  longer	  time	  before	  initiating	  translation;	  this	  increases	  the	  chances	  that	  the	  ribosome	  reaches	  the	  initiating	  AUG	  of	  the	  GCN4	  mRNA,	  which	  finally	  leads	  to	  the	  translation	  of	  a	  functioning	  Gcn4	  protein	  	  (Hinnebusch,	  2005).	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Figure	  6:	  General	  amino	  acid	  control	  (GAAC)	  pathway	  during	  amino	  acid	  starvation.	  Amino	   acid	   starvation	   leads	   to	   accumulation	   of	   uncharged	   tRNA.	   Binding	   of	   uncharged	   tRNA	   to	   the	  HisRS	  domain	  of	  Gcn2	  induces	  a	  conformational	  change	  of	  this	  protein,	  which	  consequently	  leads	  to	  its	  activation.	  Gcn1	  and	  Gcn10	  facilitate	  the	  interaction	  between	  Gcn2	  and	  tRNAs,	  thus	  accelerating	  Gnc2	  activation.	  Once	  activated,	   the	  Gcn2	  kinase	  phosphorylates	   theα	   subunit	  of	   the	  eukaryotic	   initiation	  factor	  2	  (eIF2α).	  Phosphorylated	  eIF2α(eIF2α-­‐P)	  inefficiently	  binds	  GTP,	  which	  decreases	  eIF2-­‐GTP	  levels	  inside	  cells,	  thus	  leading	  to	  a	  reduction	  of	  the	  general	  translation	  and	  at	  the	  same	  time	  favoring	  translation	  of	  GCN4	  mRNA.	  The	  four	  open	  reading	  frames	  (ORF)	  located	  upstream	  of	  the	  GCN4	  mRNA	  regulate	  translation	  of	  GCN4	  while	  general	  translation	  is	  inhibited.	  
Figure	  adapted	  from	  Ruojing	  Yang	  et	  al,	  Molecular	  and	  Cellular	  biology,	  2000.	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Results 
Chapter	  1	  
Vps34	  Complex	  II-­‐regulated	  PtdIns(3)P	  levels	  affect	  
cell	  survival	  during	  replication	  stress.	  	  
	  
1.1	  Atg6	  influences	  cell	  survival	  under	  replication	  
stress	  Since	   autophagy	   is	   induced	   upon	   DNA	   damage	   checkpoint	   activation	   in	   different	  model	   organisms,	   we	   decided	   to	   better	   investigate	   the	   connections	   between	  autophagy	   and	   replication	   stress	   (Eapen	   et	   al.,	   2015;	  Katayama	  et	   al.,	   2007;	  Rieber	  and	  Rieber,	  2008;	  Robert	  et	  al.,	  2011).	  To	  test	  the	  potential	  role	  of	  autophagy	  during	  HU-­‐induced	   replication	   stress,	   we	   screened	   a	   set	   of	   yeast	   mutants,	   which	   are	  defective	  in	  different	  steps	  of	  the	  autophagy	  cascade,	  for	  their	  ability	  to	  survive	  in	  HU	  
(Fig.	   7a).	   As	   described	   in	   the	   Introduction,	  Atg1	   and	  Atg6	   are	   essential	   players	   of	  autophagy	  during	  nutrient	  starvation,	  but	  their	  deletions	  do	  not	  affect	  cell	  survival	  in	  rich	  media	  (Fig.	  7a,	   left	  panel).	  When	  we	  treated	  cells	  with	  HU,	  we	  found	  that	  only	  
ATG6,	  but	  not	  ATG1	  deletion,	  conferred	  resistance	  to	  HU	  (Fig.	  7a,	  right	  panel).	  These	  results	   were	   reproduced	   after	   treating	   cells	   with	   MMS,	   another	   replication	   stress	  inducer,	  (Fig.	  7b),	  but	  not	  under	  UV	  treatment	  (Fig.	  7c).	  	  	  While	   HU	   affect	   growth	   and	   viability	   of	  WT	   cells,	   particularly	   at	   high	   doses,	   these	  effects	  are	  reduced	  in	  atg6Δ	  cells	  	  (Fig.	  7d).	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Figure	  7:	  Deletion	  of	  ATG6	  causes	  resistance	  to	  the	  replication	  stress	  agents	  HU	  and	  MMS.	  Serial	  dilutions	  of	  WT	  and	  indicated	  mutant	  cells	  were	  plated	  on	  a)	  YPD	  solid	  media	  with	  or	  without	  200mM	  HU	  in;	  b)	  YPD	  solid	  media	  containing	  0.1	  and	  0.15%	  of	  MMS;	  c)	  YPD	  plates	  flashed	  with	  30	  and	  60J/m2	  of	  ultraviolet	   light;	  d)	  YPD	  media	   containing	  50mM	  HU,	  100mM	  HU	  and	  150mM	  HU;	   in	   this	  experiment,	  cell	  growth	  was	  monitored	  at	  3	  and	  7	  days	  after	  plating.	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	  
	  
	  
1.2	  Ymr1	  and	  Inp53	  PtdIns(3)P	  phosphatases	  are	  
needed	  to	  survive	  during	  replication	  stress	  	  It	  has	  been	  reported	  that	  PtdIns	  3-­‐kinase	  activity	  is	  reduced	  in	  mutants	  lacking	  ATG6,	  leading	  to	  a	  reduction	  of	  PtdIns(3)P	  (Burda	  et	  al.,	  2002;	  Kihara	  et	  al.,	  2001;	  Parrish	  et	  al.,	   2005).	   Moreover,	   the	   levels	   of	   PtdIns(3)P	   increase	   in	   cells	   lacking	   the	   lipid	  phosphatases	  Ymr1	  and	  Inp53	  (Parrish	  et	  al.,	  2004,	  2005).	  Based	  on	  these	   findings,	  we	   hypothesized	   that	   the	   HU	   resistance	   of	   atg6Δ	   cells	   could	   depend	   on	   reduced	  PtdIns(3)P	  intracellular	  levels;	  conversely,	  increasing	  PtdIns(3)P	  levels	  should	  cause	  
YPD$ 0.1%$MMS$ 0.15%$MMS$
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cell	  HU	   sensitivity.	   To	   test	   this	   hypothesis,	  we	  deleted	  YMR1	  and	   INP53	   genes,	   and	  analyzed	  the	  viability	  of	  ymr1Δ	  inp53Δ	  double	  mutants,	  in	  response	  to	  HU	  treatment	  
(Fig.	  8a).	  Cell	  viability	  was	  not	  severely	  affected	  by	  deletion	  of	  YMR1,	  INP53	  or	  both	  in	   untreated	   conditions	   (Fig.	   8a,	   left	   panel).	   However,	   the	   double	   ymr1Δ	   inp53Δ	  mutant,	  but	  not	  single	  phosphatase	  mutants,	  was	  hyper	  sensitive	  to	  HU	  compared	  to	  WT	  cells	  (Fig.	  8a,	  middle	  and	  right	  panels).	  The	  absence	  of	  significant	  phenotypes	  of	  single	  ymr1Δ	  and	  inp53Δ	  mutants	  suggests	  that	  Ymr1	  and	  Inp53	  are	  redundant	  in	  regulating	  PtdIns(3)P	  levels,	  as	  shown	  in	  Parrish	  et	  al	  2004.	  
ATG6	  deletion	   rescued	   cell	   viability	   of	  ymr1Δ	  inp53Δ	  double	  mutant	   cells	   under	  HU	  treatment	  (Fig.	  8a),	  thus	  confirming	  that	  Atg6	  is	  essential	  for	  PtdIns(3)P	  production,	  and	  the	  role	  of	  Ymr1	  and	  Inp53	  phosphatases	  to	  regulate	  the	  balance	  between	  PtdIns	  and	  PtdIns(3)P	  is	  negligible	  when	  the	  kinase	  is	  inactive	  (Fig.	  4).	  ymr1Δ	  inp53Δ	  double	  mutant	  cells	  did	  not	  form	  colonies	  on	  150mM	  HU	  plates	  at	  lower	  dilutions	  even	  up	  to	  6	   days	   incubation,	   thus	   suggesting	   that	   PtdIns(3)P	   levels	   not	   only	   delay	   growth	  	  progression,	  but	  significantly	  affect	  cell	  viability	  during	  replication	  stress	  conditions	  
(Fig.	  8b,	  right	  panel).	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Figure	  8:	  Deletion	  of	  the	  PtdIns3-­‐phosphatases,	  YMR1	  and	  INP53,	  causes	  sensitivity	  to	  HU	  Serial	   dilutions	   of	  WT	   and	   indicated	   deletion	  mutants	  were	   plated	   on	  a)	   YPD	  media	   or	   YPD	  media	  containing	   100	   and	   150mM	   HU;	   b)	   YPD	   media,	   with	   (right)	   or	   without	   (left)	   150mM	   HU;	   in	   this	  experiment,	   cell	   growth	   was	   monitored	   at	   3	   and	   6	   days	   after	   plating.	   The	   #	   symbol	   indicates	  independent	  clones	  of	  the	  same	  genotypes.	  
	  
Aiming	  to	  study	  cell	  cycle	  progression	  in	  yeast	  mutants	  with	  deregulated	  PtdIns(3)P	  levels,	  we	  performed	  single	  cell	  analysis	  of	  time	  lapse	  movies	  (Fig.	  9).	  WT	  and	  atg6Δ	  cells	  were	   grown	   in	   flasks	   containing	   YPD	   medium,	   synchronously	   arrested	   in	   G1	  phase	  through	  the	  addition	  of	  alpha-­‐factor,	  and	  released	  from	  G1	  into	  the	  cell	  cycle	  in	  HU-­‐containing	   YPD	   medium.	   After	   the	   release	   from	   G1,	   cells	   were	   placed	   in	   flow	  chambers	   for	   time	   laps	   movies.	   Images	   were	   acquired	   through	   a	   Delta	   Vision	  microscope	  every	  10	  minutes	  to	  follow	  the	  first	  cell	  cycle	  progression.	  To	  quantify	  cell	  cycle	  duration	   in	   individual	  cells,	  we	  measured	  the	  time	  between	  the	  appearance	  of	  the	  bud	  after	  release	  from	  G1	  arrest	  and	  the	  appearance	  of	  the	  next	  bud	  in	  daughter	  cells	  after	  cytokinesis	  (Fig.	  9a).	  As	  shown	  in	  (Fig.	  9b),	  atg6Δ	  cells	  cycled	  faster	  than	  
WT	  cells;	  moreover,	  a	  plateau	  of	  cell	  cycle	  completion	  was	  reached	  in	  WT	  cells,	  with	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more	  than	  20%	  cells	  remaining	  arrested	  during	  the	  first	  cell	  cycle	  or	   in	  the	  next	  G1	  phase,	  but	  not	  entering	  the	  subsequent	  cycle	  (Fig.	  9c).	  	  
To	   investigate	   the	   role	   of	   Ymr1	   and	   Inp53	   phosphatases,	   we	   then	   performed	   time	  lapse	  experiments	  on	  WT,	  ymr1Δ	  inp53Δ	  and	  ymr1Δ	  inp53Δ	  atg6Δ	  cells.	  As	  expected,	  cell	  cycle	  progression	  of	  ymr1Δ	  inp53Δ	  mutants	  under	  HU	  treatment	  was	  significantly	  slower	  than	  WT	  cells,	  and	  around	  40%	  of	  cells	  had	  not	  initiated	  a	  new	  cell	  cycle	  at	  the	  end	   of	   the	   movie;	   deletion	   of	   ATG6	   in	   ymr1Δ	   inp53Δ	   cells	   completely	   rescued	   this	  phenotype,	  and	  also	  conferred	  a	  cell	  cycle	  advantage	  compared	  to	  WT	  cells	  (Fig.	  9d).	  We	   also	  measured	   the	   percentage	   of	   cells	   undergoing	   death	   during	   the	  movie.	   Cell	  death	  is	  visualized	  as	  a	  sudden	  change	  in	  cell	  shape	  and	  increase	  in	  light	  reflection,	  as	  shown	   in	   (Fig.	   9e	   upper	   panel).	   A	   higher	   fraction	   of	   cell	   death	   was	   observed	   in	  
ymr1Δ	   inp53Δ	   cells	   compared	   to	   WT	   cells,	   while	   ATG6	   deletion	   in	   ymr1Δ	   inp53Δ	  mutants	  had	  a	  protective	  effect	  (Fig.	  9e	  bottom	  panel).	  	  These	  results	  are	  consistent	  with	  data	  obtained	  in	  plate	  experiments,	  and	  confirm	  that	  high	  PtdIns(3)P	  levels	  are	  associated	  with	  longer	  cell	  cycle	  duration	  and	  reduced	  viability	  of	  S.	  cerevisiae	  during	  replication	  stress	  	  (Fig.	  9d,e).	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Figure	  9:	  Single	  cell	  analysis	  of	  cell	  cycle	  progression	  of	  WT	  cells	  and	  mutants	  with	  disrupted	  
PtdIns(3)P	  levels.	  .a)	  Phase	  contrast	  images	  of	  yeast	  cells	  in	  different	  phases	  of	  the	  cell	  cycle	  during	  HU	  treatment	  were	  acquired	  using	  a	  Delta	  Vision	  microscope	  with	  a	  60X	  objective.	  The	  time	  span	  elapsed	  between	  the	  first	  and	  the	  next	  budding	  events	  was	  used	  as	  an	  estimation	  of	  the	  cell	  cycle	  time.	  
b)	  and	  d)	  	  WT	  and	  atg6Δ	  (b),	  and	  WT,	  ymr1Δ	  inp53Δ	  and	  ymr1Δ	  inp53Δ	  atg6Δ	  (d)	  cells	  were	  grown	  in	  YPD	  at	  25oC	  and	  arrested	  in	  G1	  phase	  with	  α-­‐factor	  for	  2	  hours	  and	  30	  min.	  Then	  they	  were	  released	  from	  α-­‐factor	   in	  the	  presence	  of	  150mM	  HU	  in	  microfluidic	  chambers	  for	  single	  cell	  analysis.	   Images	  were	  acquired	  every	  10	  min	  using	  Delta	  Vision	  microscope	  and	  the	  percentage	  of	  rebudded	  cells	  after	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1	   cell	   cycle	   in	   HU	   (calculated	   as	   in	   a)	   was	   measured	   for	   each	   strain	   and	   at	   each	   time	   point,	   and	  represented	  as	  Microsoft	  Excel	  histograms	  (Figures	  9c	  and	  9e,	  respectively).	  
	  
	  
1.3	  Different	  levels	  of	  Vps34	  activity	  affect	  cell	  survival	  
in	  apparently	  opposite	  manners.	  	  As	   described	   in	   the	   Introduction,	   Atg6	   is	   a	   regulatory	   subunit	  working	   in	   complex	  with	  the	  catalytic	  kinase	  subunit	  Vps34	  to	  produce	  PtdIns(3)P	  from	  PtdIns	  (Kihara	  et	  al	  2001).	  Since	  our	  data	  suggest	  that	  ATG6	  deletion	  confers	  HU	  resistance	  by	  reducing	  PtdIns(3)P	   levels,	  we	   expected	   that	  vps34Δ	  mutants	   should	  be	   resistant	   as	  well.	   To	  our	   surprise,	   VPS34	   deletion	   increased	   cell	   sensitivity	   to	   HU	   treatment	   (Fig.	   10a,	  
middle	  and	  right	  panels),	  in	  contrast	  to	  the	  case	  of	  ATG6	  deletion.	  
Since	  Vps34	  is	   involved	  in	  several	  cellular	  functions	  in	  different	  compartments,	  also	  independently	  of	  Atg6	  (Obara	  et	  al.,	  2006),	  we	  reasoned	  that	  the	  sensitivity	  of	  vps34Δ	  cells	  under	  HU	  treatment	  might	  reflect	  the	  disruption	  of	  other	  crucial	  functions	  of	  this	  master	   kinase,	   which	   are	   essential	   for	   survival	   during	   replication	   stress.	   If	   this	  hypothesis	   was	   correct,	   we	   would	   expect	   that	   different	   levels	   of	   Vps34	   inhibition	  would	   differentially	   affect	   the	   diverse	   complexes	   in	   which	   Vps34	   is	   involved	  (including	  Atg6-­‐containing	   complex),	   and	   consequently	   cell	   viability	   during	   various	  stress	  conditions.	  To	  test	  this	  hypothesis,	  we	  constructed	  a	  yeast	  strain	  containing	  a	  
VPS34	  conditional	  gene	  (VPS34CM)	  that	  encodes	  a	  fully	  functional	  protein,	  but	  whose	  expression	   can	   be	   regulated	   by	   tetracycline.	   In	   particular,	   tetracycline	   addition	  represses	  the	  expression	  of	  VPS34	  to	  a	  level	  that	  depends	  on	  the	  drug’s	  concentration	  in	   the	   growth	   medium	   (see	   Material	   and	   Methods).	   Different	   tetracycline	  concentrations	  could	  therefore	  differentially	  affect	  several	  Vps34	  functions,	  possibly	  
	   62	  
resulting	   in	   opposite	   survival	   phenotypes	   under	   the	   same	   treatment	   conditions.	   As	  expected,	   in	   the	   absence	   of	   tetracycline,	  VPS34CM	   cells	  were	   as	   viable	   as	  WT	   cells,	  both	  with	   and	  without	   HU	   treatment;	  moreover,	   the	   presence	   of	  VPS34CM	   did	   not	  affect	   survival	  of	  ymr1Δ	  inp53Δ	  cells	   in	  either	   treatment	  condition	  (Fig.	   10b	   upper	  
panel).	   Tetracycline	   addition	   conferred	   HU	   resistance	   to	   VPS34CM	   mutants	  compared	  to	  WT	  cells,	  and	  also	  rescued	  the	  HU	  sensitivity	  of	  ymr1Δ	  inp53Δ	  VPS34CM	  cells,	  while	  not	  affecting	  viability	  of	  ymr1Δ	  inp53Δ	  (Fig.	  10b,	  bottom	  panel).	  
Due	  to	  the	  lack	  of	  a	  direct	  control	  of	  Vps34	  protein	  levels	  and	  localization	  of	  different	  Vps34	   sub-­‐complexes	   in	   these	   experiments,	  we	   cannot	   definitively	   establish	  which	  Vps34	   levels	   and	   sub-­‐complexes	   are	   toxic	   or	   protective	   during	   replication	   stress.	  However,	   our	   data	   suggest	   that	   Vps34	   is	   toxic	   when	   in	   complex	   with	   Atg6,	   and	  protective	   when	   existing	   in	   different	   sub-­‐complexes	   at	   still	   unknown	   sub-­‐cellular	  sites.	   Reducing	   the	   bulk	   of	   Vps34,	   as	   obtained	   with	   tetracycline	   treatment,	   may	  selectively	   affect	   Atg6-­‐dependent	   Vps34	   functions,	   while	   not	   affecting	   protective	  functions	  in	  HU.	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Figure	  10:	  Different	  Vps34	  activity	  levels	  differentially	  affect	  cell	  survival	  in	  HU	  
a)	  Serial	  dilutions	  of	  WT	  and	  vps34Δ	   cells	  were	  plated	  on	  YPD	  media	   in	   the	  absence	  or	  presence	  of	  indicated	  HU	  concentrations.	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  
b)	   Serial	  dilutions	  of	  WT	  and	   indicated	  mutant	   cells	  were	  plated	  on	  solid	  YPD	  media	   in	   the	  absence	  (left	  panels)	  or	  presence	  (right	  panels)	  of	  150mM	  HU,	  with	  (bottom	  panels)	  or	  without	  (upper	  panels)	  25μM	   tetracycline.	   	   The	   Vps34	   conditional	   mutant	   (Vps34CM)	   was	   constructed	   as	   indicated	   in	  material	  and	  methods.	  	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	  	  
	  
1.4	  Vps34-­‐Atg6-­‐Vps38	  complex	  II	  of	  the	  endosomal	  
pathway	  affects	  cell	  response	  to	  replication	  stress.	  As	   explained	   in	   the	   Introduction,	   Atg6	   and	   Vps34	   form	   two	   complexes	   that	   are	  involved	  in	  different	  biological	  processes.	  Atg14	  is	  specifically	  present	   in	  Complex	  I,	  which	  is	  involved	  in	  autophagosome	  formation	  and	  trafficking,	  while	  Vps38	  is	  part	  of	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Complex	   II,	   which	   is	   involved	   in	   endosome	   pathway.	   To	   understand	   which	   Atg6-­‐Vps34	   complex	   takes	   part	   in	   replication	   stress	   response,	   we	   separately	   deleted	  
ATG14	  or	  VPS38,	   and	   tested	   their	  viability	  during	  HU	   treatment	  (Fig.	   11a).	  Vps38Δ,	  but	  not	  atg14Δ	  mutants,	  were	  resistant	  to	  HU	  treatment	  to	  a	  similar	  extent	  to	  that	  in	  
atg6Δ	   cells.	   Combining	  ATG6	   deletion	  with	   either	  ATG14	  or	  VPS38	  deletion	   did	   not	  produce	   additional	   effects	   on	   cell	   survival	   compared	  with	   single	  mutant	   cells	   (Fig,	  
11a).	   Moreover,	   only	   VPS38	   deletion	   rescued	   viability	   of	   ymr1Δ	   inp53Δ	   double	  mutant	   cells	   similarly	   to	   ATG6	   deletion,	   while	   ATG14	   deletion	   did	   not	   (Fig,	   11b).	  Finally,	   VPS38	   deletion	   conferred	   resistance	   to	   MMS	   treatment	   similarly	   to	   ATG6	  deletion	  (Fig.	  11c),	  thus	  confirming	  that	  Complex	  II	  responds	  to	  different	  replication	  stress-­‐inducing	  conditions,	  and	  not	  limited	  to	  HU.	  	  
To	   definitively	   exclude	   a	   possible	   role	   of	   autophagy	   in	   affecting	   resistance	   to	  replication	  stress,	  we	  deleted	  ATG1	  in	  ymr1Δ	  inp53Δ	  double	  mutants;	  as	  expected,	  we	  found	   that	  ATG1	   deletion	   did	   not	   confer	   HU	   resistance	   to	   ymr1Δ	   inp53Δ	  cells,	   thus	  confirming	  data	  shown	  in	  Figure	  7	  (Fig.	  11d).	  
Our	   results	   suggest	   that	   high	   PtdIns(3)P	   levels	   in	   the	   endosome	   compartment,	   as	  produced	  by	  the	  Vps34	  complex	   II	   (Vps15-­‐Vps34-­‐Atg6-­‐Vps38),	  negatively	  affect	   the	  replication	  stress	  response	  and	  cell	  viability	  in	  S.	  cerevisiae.	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Figure	  11:	  Complex	  II,	  which	  produces	  PtdIns(3)P	  at	  the	  endosomal	  membrane,	  affects	  cell	  
response	  to	  replication	  stress.	  	  Serial	  dilutions	  of	  WT	  and	  indicated	  deletion	  mutants	  were	  plated	  on	  YPD	  medium	  (left	  panels)	  or	  YPD	  plus	  a)	  150mM	  HU	  (right	  panel);	  b)	  100mM	  HU	  (right	  panels);	  c)	  0.1%	  and	  0.15%	  MMS	  (central	  and	  right	  panels,	  respectively);	  d)	  100	  or	  150mM	  HU	  (central	  and	  right	  panels,	  respectively).	  	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	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1.5	  Atg6	  acts	  independently	  from	  the	  canonical	  
replication	  stress	  checkpoint	  Under	   HU	   treatment	   or	   other	   replication	   stress	   stimuli,	   the	  Mec1-­‐Rad53	   signalling	  cascade	  is	  activated	  to	  increase	  dNTPs	  levels	  among	  other	  consequence	  as	  described	  in	   intoduction.	   We	   asked	   whether	   atg6Δ-­‐mediated	   resistance	   to	   HU	   treatment	  depends	   on	   Rad53-­‐dependent	   increase	   of	   the	   dNTP	   pool.	   To	   monitor	   replication	  stress	   checkpoint	   activation,	   we	   assessed	   by	   Western	   Blot	   	   (WB)	   the	   total	   and	  phosphorylated	  (activated)	  Rad53	  levels	  after	  releasing	  WT	  and	  atg6Δ	  cells	  from	  G1	  synchronization	  into	  HU-­‐containing	  medium.	  Moreover,	  after	  2	  hours	  of	  cell	  exposure	  to	  HU,	  the	  drug	  was	  washed	  out	  to	  allow	  recovery	  from	  checkpoint	  arrest.	  In	  this	  way,	  we	  addressed	  both	  checkpoint	  activation	  (as	  shown	  by	  Rad53	  phosphorylation)	  and	  inactivation	  (as	  marked	  by	  Rad53	  dephosphorylation).	  	  
We	   found	   that	  both	  Rad53	  phosphorylation	  upon	  checkpoint	   activation,	   and	  Rad53	  dephosphorylation	   during	   recovery	   from	   HU,	   were	   similar	   in	   WT	   and	   atg6Δ	   cells	  
(Fig.	  12a).	  Since	  Rad53	  increases	  dNTP	  levels	  by	  inducing	  degradation	  of	  the	  RNR1	  inhibitor	  Sml1,	  we	  then	  asked	  if	  ATG6	  deletion	  affects	  the	  levels	  of	  either	  Sml1	  or	  RNR	  subunits.	   We	   synchronized	   released	   WT	   and	   atg6Δ	   cells	   in	   G1	   phase	   and	   then	  released	  them	  into	  the	  cell	  cycle	  in	  the	  presence	  of	  HU.	  By	  WB	  analysis,	  we	  monitored	  the	   Sml1	   and	   Rnr1	   total	   protein	   levels	   at	   different	   time	   points.	   As	   shown	   in	   (Fig.	  
12b),	  we	  did	  not	  detect	  any	  differences	   in	  Sml1	  or	  RNR	  subunit	   levels	  between	  WT	  and	   atg6Δ	   cells	   (Fig.	   12c).	   Moreover,	   SML1	   deletion,	   which	   is	   associated	   with	  increased	   intracellular	   dNTP	   levels,	   did	   not	   suppress	   sensitivity	   of	   ymr1Δ	   inp53Δ	  double	  mutants	  to	  HU	  treatment	  (Fig.	  12d).	  	  
We	   finally	   tested	   the	   role	   of	   Rfx1,	   a	   transcription	   factor	   that	   is	   repressed	   during	  replication	  stress,	  thus	  increasing	  transcription	  of	  Rnr2,	  Rnr3	  and	  Rnr4	  subunits	  and	  
	   67	  
dNTP	  levels.	  Deletion	  of	  RFX1	  in	  ymr1Δ	  inp53Δ	  mutant	  only	  slightly	  suppressed	  their	  HU	   sensitivity	   (Fig.	   12e),	   again	   excluding	   a	   crucial	   role	   of	   dNTP	   levels	   in	   atg6Δ-­‐mediated	  resistance	  to	  HU.	  	  	  
In	   summary,	   these	   data	   suggest	   that	   PtdIns(3)P	   levels,	   as	   determined	  by	   a	   balance	  between	   Vps34-­‐Atg6-­‐Vps38	   kinase	   and	   Ymr1/Inp53	   phosphatase	   activity,	   do	   not	  affect	  the	  canonical	  Mec1-­‐Rad53	  checkpoint	  and	  likely	  the	  dNTP	  levels.	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Figure	  12:	  The	  HU-­‐resistance	  phenotype	  of	  atg6∆	  cells	  is	  independent	  from	  the	  regulation	  of	  
dNTPs	  levels	  by	  the	  DNA	  damage	  checkpoint.	  
a)	  WT	  and	  atg6Δ	  cells	  were	  synchronized	  in	  G1	  phase	  by	  α-­‐factor	  arrest,	  and	  then	  released	  into	  the	  cell	   cycle	   in	   the	   presence	   of	   200mM	   HU	   for	   120	   minutes.	   Cells	   were	   then	   released	   into	   YPD	   fresh	  medium	  and	  samples	  were	  collected	  at	   the	   indicated	   time	  points	   for	  FACS	  analysis	   (external	  panels)	  and	   TCA	   protein	   precipitation	   to	   immunodetect	   total	   Rad53	   (central	   panel,	   upper	   line),	  phosphorylated	  Rad53	  levels	  (central	  panel,	  intermediate	  line),	  and	  the	  loading	  control	  Pgk1	  (central	  panel,	  bottom	  line).	  
b	  and	  c	   )	  WT	  and	  atg6Δ	  cells	  were	  synchronized	  in	  G1	  phase	  with	  α-­‐factor,	  and	  then	  released	  into	  the	  cell	   cycle	   in	   the	  presence	  of	  200mM	  HU.	   Samples	  were	  collected	  at	   the	   indicated	   time	  points	   for	  TCA	  protein	  precipitation	  to	  immunodetect	  HA-­‐tagged	  Sml1	  protein	  levels	  (b)	  and	  Rnr1	  protein	  levels	  
(c).	  Pgk1	  and	  the	  Ponceau	  were	  used	  as	  loading	  controls	  in	  b)	  and	  c),	  respectively.	  
d)	  and	  e)	  Serial	  dilutions	  of	  WT	  and	  indicated	  deletion	  mutants	  were	  plated	  on	  YPD	  solid	  media	  (left	  panels)	   or	   YPD	   containing	   100	  mM	   (central	   panels)	   or	   150mM	   (right	   panels)	   of	   HU.	   The	   #	   symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	  	  
	  
	  
	  
	  
d)#
e)#
#############ymr1Δ&inp53Δ&sml1Δ&#3&&
YPD# 150mM#HU#100mM#HU#
####WT#
##&&&&&&&&ymr1Δ&inp53Δ&#1&&
#############ymr1Δ&inp53Δ&sml1Δ&#1&&
&&&&&&&&&&&&&&&&&&ymr1Δ&inp53Δ&atg6Δ&&&
#######&&&ymr1Δ&inp53Δ&#2&&
#############ymr1Δ&inp53Δ&sml1Δ&#2&&
YPD# 150mM#HU#100mM#HU#
####WT#
##&&&&&&&ymr1Δ&inp53Δ&#1&&
#############ymr1Δ&inp53Δ&rfx1Δ&#1&&
&&&&&&&&&&&&&&&&&ymr1Δ&inp53Δ&atg6Δ&&&
#######&&ymr1Δ&inp53Δ&#2&&
#############ymr1Δ&inp53Δ&rfx1Δ&#2&&
#############ymr1Δ&inp53Δ&rfx1Δ&#3&&
#############ymr1Δ&inp53Δ&rfx1Δ&#4&&
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Chapter	  2	  
PtdIns(3)P	  levels	  regulate	  amino	  acid	  uptake	  
and	  cell	  survival	  during	  replication	  stress	  	  
	  
2.1	  Metabolic	  profiles	  of	  mutants	  with	  disrupted	  
PtdIns(3)P	  levels	  during	  replication	  stress.	  The	   cytosolic	   side	   of	   endosomal	   and	   lysosomal	   membranes	   acts	   as	   a	   platform	   for	  proteins	  involved	  in	  nutritional	  signaling,	  such	  as	  the	  Target-­‐Of-­‐Rapamycin	  Complex	  I	  (TORC1)	  and	  AMP-­‐activated	  protein	  kinase	  (AMPK)	  (Aronova	  et	  al.,	  2007;	  Menon	  et	  al.,	  2014;	  Wedaman	  et	  al.,	  2003;	  Zhang	  et	  al.,	  2014).	  It	  has	  ben	  suggested	  that	  hVps34	  (human	   Vps34)	   produces	   PtdIns(3)P	   at	   the	   endosomal	   membrane	   in	   response	   to	  intracellular	  AAs,	  leading	  a	  decrease	  in	  PtdIns(3)P	  levels	  in	  cells	  starved	  for	  AAs,	  and	  their	   increase	   in	   conditions	   of	   complete	   AA	   availability	   (Nobukuni	   et	   al.,	   2005).	  Whether	   PtdIns(3)P	   in	   turn	   affects	   intracellular	   availability	   of	   AAs	   or	   other	  metabolites	  is	  currently	  unknown.	  	  
Since	   Vps34-­‐Atg6	   kinase	  and	   Ymr1/Inp53	   phosphatases	   affect	   PtdIns(3)P	   levels	   at	  endosomal/lysosomal	  membranes	   in	  opposite	  directions	  and	   influence	  cell	   viability	  during	   replication	   stress	   independently	   of	   the	   canonical	   replication	   checkpoint,	  we	  asked	  if	  PtdIns(3)P	  influence	  the	  viability	  in	  HU	  through	  metabolic	  components.	  	  
We	  performed	  global	  metabolome	  profiling	   in	  WT,	  atg6Δ,	  ymr1Δ	  inp53Δ,	  and	  ymr1Δ	  
inp53Δ	  atg6Δ	  cells	  after	  2	  hours	  of	  HU	  treatment	  (see	  Materials	  and	  Methods).	  	  We	  detected	  373	  metabolites	  and	   tested	   for	   significant	  metabolite	  alterations	  using	  Significance	  Analysis	  of	  Microarrays	  (SAM)	  method	  with	  a	  minimum	  of	  fold	  change	  of	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1.3	  and	  a	  false	  discovery	  rate	  (FDR)	  of	  10%.	  We	  normalized	  ymr1Δ	  inp53Δ	  and	  atg6Δ	  to	  WT	  to	  obtain	  metabolite	  fold	  changes	  associated	  with	  increased	  PtdIns(3)P	  (ymr1Δ	  
inp53Δ/WT)	   and	  decreased	  PtdIns(3)P	   (atg6Δ/WT)	   levels,	   respectively.	   In	   addition,	  we	   normalized	   ymr1Δ	   inp53Δ	   atg6Δ	   to	   ymr1Δ	   inp53Δ	   (ymr1Δ	   inp53Δ	   atg6Δ/	  
ymr1Δ	  inp53Δ)	  to	  define	  metabolite	  alterations	  that	  are	  rescued	  by	  reducing	  elevated	  PtdIns(3)P	  levels,	  and	  thus	  associated	  with	  the	  HU	  sensitivity	  rescue.	  We	   found	  a	   significant	   change	   in	  129	  metabolites	   in	   the	  atg6Δ/WT	   analysis	   (down:	  66,	  up:	  63),	  while	  132	  metabolites	  were	   found	  altered	   in	  ymr1Δ	  inp53Δ/WT	   (down:	  42,	  up:	  90).	  Moreover,	  we	  found	  123	  metabolite	  alterations	  emerging	  from	  the	  ymr1Δ	  
inp53Δ	   atg6Δ	   /	   ymr1Δ	   inp53Δ	   analysis	   (down:	   74,	   up:	   49)	   (Fig.	   13a	   left	   panel).	  When	  classifying	  the	  changed	  metabolites,	  we	  found	  that	  most	  of	  them	  belong	  to	  the	  amino	  acid	  and	  lipid	  metabolism,	  as	  reported	  in	  (Fig.	  13a	  right	  panel).	  	  In	  order	  to	  understand	  which	  metabolites	  are	  altered	  by	  elevated	  PtdIns(3)P	  	  (ymr1Δ	  
inp53Δ/WT),	   and	   rescued	   by	   reducing	   PtdIns(3)P	   	   levels	   in	   ymr1Δ	   inp53Δ	  mutants	  (ymr1Δ	  inp53Δ	  atg6Δ	  /	  ymr1Δ	  inp53Δ),	  and	  hence	  correlate	  with	  HU	  sensitivity,	  we	  analyzed	   the	   intersection	   of	  metabolite	   alterations	   between	   ymr1Δ	   inp53Δ/WT	   and	  	  
ymr1Δ	  inp53Δ	  atg6Δ	  /	  ymr1Δ	  inp53Δ.	  As	  shown	  in	  the	  Venn	  diagram	  in	  (Fig.	  13b)	  we	  found	  an	  overlap	  of	  68	  metabolites,	  of	  which	  4	  are	  co-­‐regulated	  and	  64	  are	  counter-­‐regulated.	  This	   intersection	   (p	   <	  8x10-­‐5)	   and	   the	   enrichment	  of	   counter-­‐regulations	  within	  the	  intersection	  (p	  <	  3.5x10-­‐13)	  were	  highly	  significant,	  clearly	  showing	  that	  a	  large	  proportion	  of	  metabolite	  alterations	  is	  caused	  by	  changes	  in	  PtdIns(3)P	  	  levels.	  	  We	  defined	  a	  ”	  PtdIns(3)Phigh	  signature”,	  which	  refers	  to	  metabolites	  changed	  in	  cells	  with	   high	   levels	   of	   PtdIns(3)P	   (ymr1Δ	   inp53Δ/WT)	   and	   counter-­‐regulated	   when	  PtdIns(3)P	  	  levels	  are	  lowered	  again	  (	  ymr1Δ	  inp53Δ	  atg6Δ	  /	  ymr1Δ	  inp53Δ)).	  In	  (Fig.	  
13b)	  and	  (Fig.13c),	  the	  PtdIns(3)Phigh	  signature	  is	  indicated	  in	  red	  as	  ‘’counter’’.	  The	  analysis	  of	  the	  PtdIns(3)Phigh	  signature	  might	  suggest	  which	  metabolic	  processes	  are	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rescued	  by	  ATG6	  deletion	  in	  ymr1Δ	  inp53Δ	  and	  are	  therefore	  related	  to	  HU	  sensitivity.	  Within	   the	   PtdIns(3)Phigh	   signature,	   we	   distinguished	   between	   ‘’global	   atg6Δ	  regulations’’	   and	   ‘’ymr1Δ	   inp53Δ	   rescues’’	   (Fig.	   13d).	   ‘’Global	   atg6Δ	   regulations’’	  represent	   alterations	   that	   occur	   both	   in	   atg6Δ/WT	   and	   in	   ymr1Δ	   inp53Δ	   atg6Δ	   /	  
ymr1Δ	  inp53Δ	   ,	   thus	  reflecting	  processes	  that	  are	  generally	  sensitive	  to	  reduction	  of	  PtdIns(3)P	   	   levels.	   In	  contrast,	   ‘’ymr1Δ	  inp53Δ	  rescue’’	  contains	  metabolites	   that	  are	  altered	  only	  in	  ymr1Δ	  inp53Δ	  atg6Δ	  /ymr1Δ	  inp53Δ	  but	  not	  atg6Δ/WT,	  thus	  reflecting	  a	  rescue	  specific	  to	  mutants	  with	  high	  PtdIns(3)P	  levels.	  On	  this	  basis,	  we	  also	  defined	  a	   PtdIns(3)Pbi-­‐directional	   signature,	   containing	   metabolites	   that	   are	   sensitive	   to	   both	  reduction	  and	  elevation	  of	  PtdIns(3)P	  levels	  in	  WT	  cells	  (Fig.	  13d)	  .	  	  	  To	  increase	  the	  confidence	  in	  our	  metabolome	  data	  and	  to	  assess	  the	  effect	  of	  HU	  on	  
ymr1Δ	  inp53Δ	  cells,	  we	  performed	  an	   independent	  experiment	  with	  HU-­‐treated	  WT,	  
ymr1Δ	  inp53Δ	  and	  ymr1Δinp53Δ	  atg6Δ	  cells,	  as	  well	  as	  untreated	  ymr1Δ	  inp53Δ	  	  cells.	  We	   quantified	   the	   effect	   of	   HU	   treatment	   by	   normalizing	   the	   HU-­‐treated	   ymr1Δ	  
inp53Δ	  sample	  to	  the	  untreated	  ymr1Δ	  inp53Δ	  	  sample.	  	  	  We	   performed	   unsupervised	   hierarchical	   clustering	   by	   metabolite	   alterations,	   and	  heatmap	  representation	  of	  PtdIns(3)Phigh	  signature	  metabolite	  alterations	  by	  pathway	  (Fig.	  13e).	  ymr1Δ	  inp53Δ/WT	  and	  ymr1Δ	  inp53Δatg6Δ/	  ymr1Δ	  inp53Δ	  samples	  from	  2	  independent	   experiments	   cluster	   close	   to	   each	   other,	   showing	   a	   high	   degree	   of	  reproducibility	  between	  experiments.	  (HU-­‐treated	  ymr1Δ	  inp53Δ)/(untreated	  ymr1Δ	  
inp53Δ)	   and	   HU-­‐treated	   (ymr1Δ	   inp53Δ/WT)	   comparisons	   clustered	   close	   to	   each	  other	  and	  showed	  overall	  similar	  metabolite	  alterations,	  thus	  suggesting	  that	  HU	  and	  (YMR1,	   INP53)	   deletion	   induce	   similar	  metabolite	   alterations;	   the	   comparison	   (HU-­‐treated	  ymr1Δ	  inp53Δ)/(untreated	  ymr1Δ	  inp53Δ)	  is	  refered	  to	  as	  ymr1Δ	  inp53Δ	  HU+/	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ymr1Δ	   inp53Δ	   HU-­‐	   (Fig.	   13e).	   Affected	   metabolites	   can	   mainly	   be	   grouped	   into	   3	  categories:	  TCA	  cycle,	  AA	  metabolites,	  and	  lipid	  metabolites.	  The	  higher	  fold-­‐changes	  were	   evident	   for	   AA	   and	   TCA	   cycle	   metabolites.	   We	   filtered	   the	   alterations	   for	  robustness,	  using	  co-­‐regulation	  of	  the	  ymr1Δ	  inp53Δ	  mutants	  in	  both	  experiments	  as	  criterion	   (at	   least	   1.3-­‐fold	   change	   in	   ymr1Δ	   inp53Δ	   #2,	   not	   considering	   FDR).	  	  Consistent	  with	  the	  higher	  fold-­‐changes,	  alterations	  in	  TCA	  cycle	  and	  AA	  metabolites	  were	  overall	  more	  robust	  than	  in	  lipid	  metabolites.	  When	  we	  distinguished	  between	  ‘’general	  atg6Δ	  regulations’’	  and	  ‘’ymr1Δ	  inp53Δ	  rescues’’	  genotypes	  showed	  that	  the	  TCA	  cycle	  and	  nearly	  all	  lipid	  metabolites	  were	  not	  altered	  by	  deletion	  of	  ATG6	  in	  WT	  cells	   (atg6Δ/WT),	   but	   only	   rescued	   by	   ATG6	   deletion	   in	   ymr1Δ	   inp53Δ	   mutants	  (ymr1Δ	   inp53Δ	  atg6Δ	   /	   ymr1Δ	   inp53Δ),	   showing	   that	   TCA	   cycle	   and	   the	   respective	  lipid	  metabolites	  are	  specifically	  affected	  by	  PtdIns(3)P	  	  increases.	  	  In	   contrast,	   some	   AA	   metabolites	   were	   reciprocally	   regulated	   in	   atg6Δ/WT	   and	  	  
ymr1Δ	  inp53Δ/WT	  and	  are	  therefore	  sensitive	  to	  bi-­‐directional	  changes	  of	  PtdIns(3)P	  content.	   This	   category	   was	   composed	   of	   aromatic	   AA	   metabolites	   (4-­‐hydroxyphenylpyruvate	   tyrosol,	   phenylpyruvate,	   kynurenate	   and	   xanthurenate),	  whereas	   branched	   chain	   AA	  metabolites	   (3-­‐Methyl-­‐2-­‐Oxobutyrate,	   4-­‐Methyl-­‐2-­‐Oxo-­‐Pentanoate	  and	  3-­‐Methyl-­‐2-­‐Oxo-­‐Valerate)	  were	  only	  sensitive	  to	  PtIns(3)P	  increases.	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Figure	  13:	  Metabolomics	  of	  PtdIns(3)P	  mutants	  under	  replication	  stress	  a)	  Overall	   significantly	   changed	  metabolites	   out	   of	   373	   total	  metabolites	   (left	   panel)	   and	  metabolite	  classifications	  (right	  panel)	  in	  PtdIns(3)P	  mutants	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b)	   Venn	   diagram	   illustrating	   changed	  metabolites	   shared	   between	  ymr1Δ	   inp53Δ/WT	  and	   ymr1Δ	  
inp53Δ	  atg6Δ/	  ymr1Δ	  inp53Δ.	  The	  co-­‐	  and	  counter-­‐regulated	  metabolites	  are	  shown	  in	  green	  and	  red,	   respectively.	   p-­‐values	   for	   the	   metabolite	   intersection	   and	   for	   the	   enrichment	   of	   counter-­‐regulations	  were	  calculated	  by	  CHI	  squared	  test.	  
c)	  Scatter	  plot	  displaying	  fold-­‐changes	  of	  all	  detected	  metabolites	  in	  ymr1Δ	  inp53Δ	  and	  ymr1Δ	  inp53
Δ 	   atg6Δ 	   /	   ymr1Δ 	   inp53Δ 	   .	   Metabolites	   of	   the	   PtdIns(3)high	   signature	   composed	   of	   counter-­‐regulations	   in	  ymr1Δ	  inp53Δ/WT	   	   	   and	  ymr1Δ	  inp53Δ	  atg6Δ/	  ymr1Δ	  inp53Δ	   .are	  highlighted	   in	  red.	  
d)	   Scatter	   plot	   displaying	   fold-­‐changes	   of	   PtdIns(3)high	   signature	  metabolites	   (defined	   in	   c)	   in	   a	   and	  a(yi).	  Metabolites	  are	  sub-­‐classified	  into	  a	  PtdIns(3)bi-­‐directional	  signature	  and	  PtdIns(3)high-­‐rescue	  signature.	  	  	  
e)	   Heat	   map	   representing	   the	   PtdIns(3)high	   signature	   metabolites	   (defined	   in	   c).	   The	   sample	  dendrogram	   represents	   hierarchical	   clustering	   by	   metabolite	   fold-­‐changes,	   based	   on	   Pearson	  coefficient	  R,	  using	  MeV	  software.	  The	  robustness	  of	  each	  metabolite	  alteration	  in	  ymr1Δ	  inp53Δ/WT	  	  	  is	  defined	  by	  significant	  alteration	   in	  experiment	  #1	  and	  an	  at	   least	  1.3	   fold	  co-­‐directional	  change	   in	  experiment	   #2,	   and	   is	   indicated	   as	   yellow	   circle.	   Significant	   co-­‐regulation	   in	   ymr1Δ 	   inp53Δ	  
HU+/ymr1Δ	  inp53Δ	  HU-­‐	  and	  the	  corresponding	  ymr1Δ	  inp53Δ/WT	  sample	  (#2),	  and	  is	  indicated	  as	  yellow	   circle.	   Gropuing	   of	   metabolites	   intoPtdIns(3)bidirectional	   	   and	   PtdIns(3)high-­‐rescue	   signatures	   is	  indicated	  by	  green	  and	  violet	  cirecles,	  resceptively.	  	  
	  
	  In	  summary,	  metabolites	  of	  aromatic	  AAs,	  namely	  4-­‐OH-­‐phenylpyruvate	  and	  Tyrosol	  from	   Tyrosine,	   phenylpiruvate	   from	   Phenylalanine	   and	   Kynurenate	   and	  Xanthurenate	   from	   Tryptophan	   are	   affected	   by	   bidirectional	   changes	   of	   PtdIns(3)	  (Fig.	  14a).	  	  On	   the	  other	  hand,	  branched	  chain	  AA	  metabolites,	  namely	   	  3methyl	  2-­‐oxobutyrate	  	  from	  Valine,	  4-­‐methyl-­‐2-­‐oxo-­‐pentanoate	  	  from	  Isoleucine	  and	  3methyl	  2-­‐oxovalerate	  from	  Leucine	  are	  down-­‐regulated	  in	  mutants	  with	  increased	  PtdIns(3)P	  levels	  (ymr1
Δ	   inp53Δ/WT),	   and	   rescued	   by	   ATG6	   deletion	   (ymr1Δ	   inp53Δatg6Δ/	   ymr1Δ	  
inp53Δ)	  	  (Fig.	  14b).	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Figure	  14:	  Aromatic	  and	  branched	  chain	  metabolites	  are	  affected	  by	  changes	  of	  PtdIns(3)P	  levels	  
a)	   In	  yellow	  boxes,	  amino	  acid	  metabolites	  that	  derive	  from	  catabolism	  of	  aromatic	  AAs	  and	  that	  are	  significantly	   down-­‐regulated	   in	   ymr1Δ	   inp53Δ/WT	   (green	   arrow),	   up-­‐regulated	   in	   ymr1Δ	   inp53Δ	  atg6Δ/	  ymr1Δ	  inp53Δ	  and	  in	  atg6Δ/WT	  (red	  arrow)	  are	  shown.	  
b)	  In	  yellow	  boxes,	  amino	  acid	  metabolites	  that	  derive	  from	  catabolism	  of	  branched	  chain	  AAs	  and	  that	  are	   significantly	   down-­‐regulated	   in	   ymr1Δ	   inp53Δ/WT	   (green	   arrow)	   and	   up-­‐regulated	   in	   ymr1Δ	  
inp53Δ	  atg6Δ/	  ymr1Δ	  inp53Δ	  (red	  arrow)	  are	  depicted.	  	  
	  
2.2	  High	  Tryptophan	  levels	  rescue	  viability	  of	  cells	  
with	  upregulated	  PtdIns(3)P	  levels	  under	  replication	  
stress	  	  Since	  AAs	  are	  widely	  affected	  in	  mutants	  with	  altered	  PtdIns(3)P	  levels,	  we	  decided	  to	  focus	  on	  AA	  metabolism	  for	  further	  analyses.	  	  The	   observed	   changes	   in	   AA	   metabolites	   suggest	   that	   aromatic	   AA	   and	   branched	  chain	  AA	  metabolism	   is	   down	   regulated	   in	  ymr1Δ	   inp53Δ	  cells,	   and	   is	   rescued	  by	  deletion	  of	  ATG6	  in	  ymr1Δ	  inp53Δ	  mutants.	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  We	  hypothesized	  that	  these	  differences	  in	  AA	  metabolism	  could	  explain	  the	  different	  resistance	  phenotypes	   to	   replication	   stress	  between	   these	   strains.	   In	  particular,	  we	  reasoned	  that	  ATG6	  deletion	  could	  increase	  AA	  availability	  in	  WT	  and	  ymr1Δ	  inp53Δ	  cells,	  thus	  fuelling	  the	  corresponding	  metabolic	  pathways	  and	  inducing	  cell	  response	  to	  replication	  stress.	  To	   test	   this	  hypothesis,	  we	   increased	  the	  concentration	  of	  single	  AAs	   in	  cell	  growth	  media,	   studying	   the	   impact	   of	   these	   changes	   on	   viability	   of	   WT,	   atg6Δ	   and	  
ymr1Δinp53Δ	  mutant	  cells,	  both	  in	  the	  presence	  and	  absence	  of	  HU.	  We	  selected	  one	  AA	   from	   each	   of	   the	   two	   AA	   groups	   emerged	   from	   the	   metabolom	   analysis;	   in	  particular,	  we	  focused	  on	  tryptophan	  (Trp)	  as	  a	  representative	  of	  aromatic	  AAs	  and	  	  Leu	  as	  a	   representative	  of	  branched	  chain	  AAs.	  Our	   choice	  was	  dictated	  by	   the	   fact	  that	  our	  yeast	  strains	  are	  auxotrophic	  for	  these	  AAs,	  possibly	  implying	  an	  increased	  need	  for	  higher	  uptake	  from	  the	  growth	  medium.	  Increasing	  the	  concentration	  of	  Trp	  and	   Leu	   by	   4	   times	   in	   the	   growth	  medium	  did	   not	   affect	   cell	   viability	   in	   untreated	  conditions	   in	  WT	  and	  mutant	   cells	   (Fig.	   15,	   top	   panel).	  Under	  HU	   treatment,	   only	  high	   Trp	   levels,	   and	   not	   Leu,	   suppressed	   the	   sensitivity	   of	   ymr1Δ	   inp53Δ	  mutants;	  moreover,	  both	  WT	  and	  ymr1Δ	  inp53Δ	  cells	  became	  as	  resistant	  as	  atg6Δ	  cells	  at	  high	  HU	  concentrations	  (Figure	  15	  bottom	  panel).	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Figure	  15:	  High	  tryptophan	  concentrations	  suppress	  the	  HU	  sensitivity	  of	  ymr1Δ inp53Δ 	  
mutants	  Serial	  dilutions	  of	  WT	   and	   the	   indicated	  mutant	   cells	  were	  plated	  on	  YPD	  media	   supplemented	  with	  0.1mg/ml	  Leu	  and	  Trp	  in	  the	  absence	  (top	  panel)	  or	  in	  the	  presence	  of	  150mM	  of	  HU	  (bottom	  panel).	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	  	  
	  
2.3	  Reduced	  Trp	  uptake/bioavailability,	  and	  not	  
reduced	  catabolism,	  are	  responsible	  for	  the	  lethality	  
of	  yeast	  mutants	  with	  high	  PtdIns(3)P	  levels.	  These	  results	  show	  that	  cells	  with	  high	  levels	  of	  PtdIns(3)P	  are	  specifically	  sensitive	  to	   extracellular	   levels	   of	   Trp	   under	   replication	   stress	   conditions.	   Two	   different	  hypotheses	   can	   be	   made	   to	   explain	   these	   results:	   1)	   high	   intracellular	   PtdIns(3)P	  levels	  (as	  present	  in	  ymr1Δ	  inp53Δ	  cells)	  reduce	  Trp	  uptake	  from	  the	  environment	  or	  Trp	  bioavailability	   through	   the	  endocytic	  pathway,	  while	   intermediate	   (WT)	  or	   low	  (atg6Δ)	   PtdIns(3)P	   levels	   allow	   a	  more	   significant	   uptake/bioavailability;	   2)	  ymr1Δ	  
inp53Δ	  cells	  have	  reduced	  ability	  to	  metabolize	  intracellular	  Trp	  compared	  to	  WT	  and	  
atg6Δ	  cells.	  	  To	  distinguish	  between	  these	  two	  hypotheses,	  we	  genetically	  modified	  our	  strains	  to	  enable	   them	  to	  produce	   their	  own	  Trp,	  and	   to	  survive	   independently	   from	  external	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Trp$Leu$
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Trp	  uptake.	  To	  do	   so,	  we	   introduced	  a	   fully	   functional	  TRP1	   gene	  within	  a	  deletion	  cassette	  for	  the	  SML1	  gene,	  and	  we	  transformed	  cells	  with	  the	  cassette.	  The	  results	  of	  this	  manipulation	  was	  the	  deletion	  of	  the	  “neutral”	  SML1	  gene	  (which	  does	  not	  affect	  sensitivity	  of	  ymr1Δinp53	  cells	  to	  HU	  (Chapter	  1,	  Fig.	  12d),	  and	  the	  restoration	  of	  de	  
novo	  Trp	  synthesis	   from	  the	  TRP1	  gene.	  Of	  note,	  TRP1	   insertion	  completely	  rescued	  the	  HU	  sensitivity	  of	  ymr1Δinp53Δ	  cells	  to	  levels	  comparable	  with	  the	  WT	  (Fig.	  16a).	  Moreover,	  Trp	  biosynthesis	   in	  atg6Δ	  cells	  did	  not	   increase	  the	  HU	  resistance	  of	   this	  strain	   further,	   thus	   suggesting	   that	   increased	   viability	   of	   atg6∆	   cells	   is	   mediated	  through	  higher	  availability	  of	  Trp	  (Fig.	  16b).	   	  While	  confirming	  the	  essential	  role	  of	  intracellular	  Trp	  in	  mediating	  cell	  response	  to	  replication	  stress,	  these	  data	  exclude	  a	  defect	  of	  cells	  with	  high	  PtdIns(3)P	  levels	  in	  metabolizing	  intracellular	  Trp.	  	  
	  
Figure	  16:	  Restoring	  tryptophan	  de	  novo	  biosynthesis	  reverses	  the	  HU	  phenotypes	  of	  PtdIns(3)P-­‐
deregulated	  mutants	  
a)	  and	  b).	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  solid	  meida	  in	  the	  absence	   (left	   panels)	   or	   presence	   of	   100	  mM	   (central	   panels)	   and	   150mM	  HU	   (right	   panels).	   The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	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2.4	  The	  kynurenate/xanthurenate	  metabolites	  of	  TRP	  
do	  not	  affect	  cell	  viability.	  .	   We	   then	   asked	   which	   cellular	   processes	   are	   crucially	   regulated	   by	   TRP	   during	  replication	   stress.	   Since	   the	   TRP	   metabolites	   kinurenate	   and	   xanthurenate	   are	  downregulated	  in	  ymr1Δ	  inp53Δ	  mutant	  compared	  to	  WT	  cells	  during	  HU	  treatment	  
(Fig.	  14a),	  we	  explored	  their	  role	  in	  affecting	  cell	  survival	  during	  replication	  stress.	  If	  kynurenate	  or	  xanthurenate	  are	  important	  for	  cell	  survival,	  inhibiting	  their	  synthesis	  downstream	   of	   TRP	   should	   restore	   HU	   sensitivity	   in	   ymr1Δ	   inp53Δ	   cells	   that	   have	  become	   resistant	   after	   introduction	   of	   a	   fully	   functional	   TRP1	   gene.	   To	   test	   our	  hypothesis,	  we	  deleted	  the	  BNA2	  gene	  that	  encodes	  an	  enzyme	  that	  metabolizes	  TRP	  to	  biochemical	  precursors	  of	  both	  kynurenate	  and	  xanthurenate	  in	  the	  ymr1Δ	  inp53Δ	  
sml1Δ::TRP1	  background.	   Of	   note,	   ymr1Δ	   inp53Δ	   sml1Δ::TRP1	  bna2Δ	  cells	   were	   not	  more	  sensitive	  than	  ymr1Δ	  inp53Δ	  sml1Δ::TRP1	  cells	  to	  HU	  treatment	  (Fig.	  17),	  likely	  excluding	   a	   role	   for	   kynurenate	   and	   xanthurenate	   in	   mediating	   cell	   resistance	   to	  replication	   stress,	   and	   indicating	   that	   other	   TRP	   functions	   are	   involved	   in	  determining	  the	  observed	  phenotypes.	  	  	  
	  
Figure	  17:	  Restoring	  tryptophan	  biosynthesis	  causes	  resistance	  to	  HU	  independently	  from	  
kynurenate	  and	  xanthurenate.	  
	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  solid	  media	  in	  the	  absence	  (left	  panel)	  and	  in	  the	  presence	  of	  100	  mM	  (central	  panel)	  and	  150mM	  HU	  (right	  panel).	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  
	  
!!WT!
!!!!!ymr1Δ!inp53Δ!
!!!!ymr1Δ!inp53Δ!sml1Δ::TRP1!#1!
YPD$ 100mM$HU$ 150mM$HU$
!!!!ymr1Δ!inp53Δ!sml1Δ::TRP1!#2!
!!!!!!ymr1Δ!inp53Δ!sml1Δ::TRP1!bna2Δ!#1!
!!!!!!ymr1Δ!inp53Δ!sml1Δ::TRP1!bna2Δ!#2!
!!!!!!ymr1Δ!inp53Δ!sml1Δ::TRP1!bna2Δ!#3!
	   81	  
	  
2.5	  PtdIns(3)P	  cause	  cell	  death	  by	  reducing	  Trp	  
availability	  in	  different	  yeast	  genetic	  backgrounds.	  We	  then	  asked	  if	  the	  role	  of	  Atg6	  in	  mediating	  HU	  resistance	  through	  Trp	  availability	  is	   conserved	   among	   different	   yeast	   strains.	  We	   used	   a	   S.	   cerevisiae	   strain	   (derived	  from	  the	  S288c	  strain)	  that	  is	  prototrophic	  for	  Trp.	  	  Deletion	  of	  YMR1	  and	  INP53	  did	  not	   cause	   HU	   sensitivity	   compared	   to	   the	   WT	   in	   this	   strain,	   likely	   because	  intracellular	   Trp	   is	   sufficient	   for	   cell	   survival	   (Fig.	   18a).	   On	   the	   other	   hand,	   TRP1	  deletion	  increased	  the	  HU	  sensitivity	  of	  the	  WT,	  while	  deletion	  of	  ATG6	  fully	  rescued	  this	   sensitivity	   (Fig.	   18b),	   thus	   confirming	   the	   crucial	   role	   of	   Trp	   in	   mediating	  survival	  to	  HU	  during	  deregulation	  of	  intracellular	  levels	  of	  PtdIns(3)P.	  
	  
Figure	  18:	  Altering	  PtdIns(3)P	  levels	  affects	  cell	  viability	  also	  in	  the	  S288c	  derived	  genetic	  
background.	  
a)	  and	  b)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  solid	  media	  in	  the	  absence	  (left	  panels)	  or	  in	  the	  presence	  of	  150	  mM	  (central	  panel)	  and	  200	  mM	  (right	  panel)	  of	  HU	  (a),	  or	  100	  mM	  (central	  panel)	  and	  200	  mM	  (right	  panel)	  of	  HU	  (b).	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotype.	  	  
	  
a)#
b)#
!!ymr1Δ!inp53Δ!#1#
YPD# 150mM#HU# 200mM#HU#
###WT#
!!ymr1Δ!inp53Δ!#2#
!!ymr1Δ!inp53Δ!#3#
!!ymr1Δ!inp53Δ!#4#
!!WT!
!!!!!trp1Δ!#1!
!!!!!!!trp1Δ!atg6Δ!#1!
YPD# 150mM#HU#100mM#HU#
!!!!!trp1Δ!#2!
!!!!!trp1Δ!#3!
!!!!!!!trp1Δ!atg6Δ!#2!
!!!!!!!trp1Δ!atg6Δ!#3!
!!!!!!!trp1Δ!atg6Δ!#4!
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2.6	  Increased	  Phe/Tyr	  levels	  reduce	  viability	  of	  ymr1Δ 	  
inp53Δ 	  Phe/Tyr	  prototroph	  cells	  during	  HU	  
treatment.	  We	  then	  asked	   if	   aromatic	  AAs	  other	   than	  Trp	  could	  also	   improve	  HU	  resistance	  of	  WT	   and	   ymr1Δ	   inp53Δ	   cells.	   However,	   because	   W303	   yeast	   strains	   are	   not	  auxotrophic	   for	   Phe	   or	   Tyr	   and	   can	   synthesize	   these	   AAs	   starting	   from	   available	  intracellular	   metabolites	   and	   nitrogen	   sources,	   a	   better	   control	   for	   single	   AA	  concentrations	  and	  their	  relative	  proportions	  was	  necessary.	  Since	  the	  YPD	  medium	  contains	  a	  pre-­‐defined	  concentration	  of	  all	  AAs	  plus	  other	  metabolites,	  the	  only	  way	  to	   modify	   its	   composition	   is	   to	   add	   metabolites,	   while	   removal	   is	   obviously	  impossible.	  For	  this	  reason,	  we	  decided	  to	  use	  a	  homemade	  “poor”	  synthetic	  medium	  only	   containing	   glucose,	   nitrogen	   sources,	   His,	   Leu,	   adenine,	   uracil	   and	   the	   three	  aromatic	  AAs	  with	  relative	  ratios	  reproducing	  the	  Trp:Phe:Tyr	  ratio	  as	  contained	   in	  YPD	   medium	   (for	   more	   details	   see	   Materials	   and	   Methods).	   In	   particular,	   Phe	  concentration	  was	   3	   times	   higher	   (also	   referred	   to	   as	   3X)	   than	   Trp	   concentration,	  while	  Tyr	  concentration	  was	  1.2	  times	  higher	  (also	  referred	  to	  as	  1.2X)	  than	  Trp.	  	  Similar	  to	  the	  case	  of	  YPD	  medium,	  atg6Δ	  cells	  were	  HU	  resistant	  and	  ymr1Δ	  inp53Δ	  cells	  were	  HU	  sensitive	   in	  poor	   synthetic	  medium	   (Fig.	   19a).	  Moreover,	   increasing	  Trp	   concentration	   by	   3-­‐fold	   significantly	   rescued	   cell	   viability	   of	   ymr1Δ	   inp53Δ	  mutants	  under	  HU	  treatment,	  thus	  reproducing	  results	  obtained	  in	  YPD	  medium	  (Fig.	  
19b).	  	  We	   then	  modulated	   the	   concentration	   of	   other	   aromatic	   AAs,	   namely	   Phe	   and	   Tyr.	  Since	   our	   strains	   are	   not	   auxotrophic	   for	   these	  AAs,	  we	   expected	   no	   effects	   on	   the	  viability	  of	  WT,	  atg6Δ	  and	  ymr1Δinp53Δ	  cells	  from	  removing	  both	  Phe	  and	  Tyr	  during	  HU	   treatment.	   Surprisingly,	   removal	   of	   Phe	   and	   Tyr	   while	   leaving	   the	   Trp	  concentration	  unchanged	  completely	  suppressed	  the	  sensitivity	  of	  ymr1Δinp53Δ	  cells	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to	   HU	   (Fig.	   19c).	   Reducing,	   but	   not	   completely	   eliminating	   Phe	   and	   Tyr	   in	   the	  medium,	  produced	  a	  phenotype	  that	  was	  intermediate	  between	  AA	  increase	  and	  their	  elimination	   (Fig.	   19d).	   These	   results	   seem	   to	   contradict	   the	   idea	   that	   cells	   with	  higher	   intracellular	  PtdIns(3)P	   levels	   (i.e.	  ymr1Δ	  inp53Δ	   cells)	  are	  more	  sensitive	   to	  replication	  stress	  because	  they	  are	  starved	  for	  specific	  AAs.	  	  Another	  possible	  interpretation	  is	  that	  these	  mutants	  could	  be	  relatively	  starved	  for	  specific	  AAs	  (e.g.	  Trp),	  while	  containing	  excessive	  amounts	  of	  other	  AAs	  (e.g.	  Phe	  or	  Tyr).	  In	  this	  case,	  a	  specific	  balance	  of	  AAs	  could	  affect	  cell	  survival	  during	  replication	  stress.	  In	  particular,	  AAs	  belonging	  to	  the	  same	  biochemical	  class	  (e.g.	  aromatic	  AAs)	  could	  compete	  for	  the	  same	  transporters	  on	  plasmatic	  or	  endosomal	  membranes,	  and	  excess	  of	  some	  AAs	  could	  inhibit	  internalization	  of	  other	  ones.	  	  	  
	  
	  
AA"Concentra+on"mg/mL"
"
Fold"change"than"usual"
concentra+on(0.025mg/mL)"
"
Trp"0.025" 1X"
Phe"0.075" 3X"
Tyr"0.03"" 1.2X"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!!!
!!!!!!WT!
!!!!!!!!!!!!!!atg6Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#2!
!!!!!!!!!!!!!!atg6Δ!#2!!
1X!Trp!+(3XPhe/1.2XTyr!)! 150mM!HU!!
a)!
b)#
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!!!
######WT#
!!!!!!!!!!!!!!atg6Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#2!
!!!!!!!!!!!!!!atg6Δ!#2!!
3X#Trp#+(3XPhe/1.2XTyr#)# 150mM#HU##
AA"Concentra+on"mg/mL"
"
Fold"change"than"usual"
concentra+on(0.025mg/mL)"
"
Trp"0.075" 3X"
Phe"0.075" 3X"
Tyr"0.03"" 1.2X"
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Figure	  19:	  Aromatic	  amino	  acid	  imbalance	  sensitizes	  cells	  with	  high	  PtdIns(3)P	  levels	  to	  
replication	  stress-­‐inducing	  agents.	  
a),	  b),	  c)	  and	  d).	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  poor	  synthetic	  media	  in	  the	  absence	  (left	  panels)	  or	  in	  the	  presence	  (right	  panels)	  of	  150mM	  HU.	  The	  concentration	  of	  each	  aromatic	  amino	  acid	  was	  as	  follows:	  a)	  0.025mg/mL	  Trp,	  0.075mg/mL	  Phe	  and	  0.03	  mg/mL	  Tyr;	  
b)	  0.075mg/mL	  Trp,	  0.075mg/mL	  Phe	  and	  0.03	  mg/mL	  Tyr;	  c)	  0.025mg/mL	  Trp;	  d)	  0.025mg/mL	  Trp,	  0.025mg/mL	  Phe	  and	  0.025	  mg/mL	  Tyr.	  1X	   indicates	   the	   concentration	  of	   each	  amino	  acid	   as	   contained	   in	   the	   commonly	  used	  YPD	  medium	  (0.025mg/mL).	   	  The	  fold	  change	  concentration	  of	  each	  aromatic	  amino	  acid	  concentration	  compared	  to	  the	  usual	  1X	  concentration	  is	  reported	  in	  the	  table	  below	  each	  figure.	  
	  	  
c)#
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!!!
######WT#
!!!!!!!!!!!!!!atg6Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#1!!
!!!!!!!!!!!!!!!!!!!!!!!ymr1Δ!inp53Δ!#2!
!!!!!!!!!!!!!!atg6Δ!#2!!
1X#Trp#+0X(Phe/Tyr#)# 150mM#HU##
AA"Concentra+on"mg/mL"
"
Fold"change"than"usual"
concentra+on(0.025mg/mL)"
"
Trp"0.025" 1X"
Phe"0" 0X"
Tyr"0"" 0X"
3X#Trp#+3X(Phe/Tyr#)# 150mM#HU##
!!!!!!ymr1Δ!inp53Δ!atg6Δ!!!
######WT#
!!!!!!!!!!!!!!atg6Δ!#1!!
!!!!!!!!ymr1Δ!inp53Δ!#1!!
!!!!!!!!!!!!!!atg6Δ!#2!!
!!!!!!!!ymr1Δ!inp53Δ!#1!!
d)#
AA"Concentra+on"mg/mL"
"
Fold"change"than"usual"
concentra+on(0.025mg/mL)"
"
Trp"0.025" 1X"
Phe"0.025" 1X"
Tyr"0.025" 1X"
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2.7	  Unbalanced	  aromatic	  amino	  acids	  are	  toxic	  in	  cells	  
with	  high	  PtdIns(3)P	  levels	  even	  in	  the	  absence	  of	  
replication	  stress.	  We	  then	  tested	  the	  role	  of	  unbalanced	  aromatic	  AA	  concentrations	  in	  the	  absence	  of	  HU	   treatment	   in	   our	   mutants.	   To	   do	   so,	   we	   significantly	   modified	   the	   relative	  proportions,	   as	  well	   as	   the	   total	   amount,	   of	   Trp,	   Phe	   and	   Tyr	   in	   the	   growth	  media	  
(Fig.	   20).	   Compared	   to	   the	   experiment	   described	   in	   Fig.	   19a,	   it	   was	   sufficient	   to	  increase	   Tyr	   concentration	   from	   1.2	   times	   (Fig.	   19a)	   to	   3.5	   times	   (Fig.	   20,	   left	  
panel),	   to	  make	  ymr1Δ	  inp53Δ	   cells	  sensitive	  and	  atg6Δ	   cells	  resistant	  compared	  to	  the	  WT,	   even	   in	   the	   absence	   of	   HU	   treatment.	   Again,	   ATG6	   deletion	   fully	   restored	  viability	  in	  ymr1Δ	  inp53Δ	  cells,	  and	  also	  made	  them	  resistant	  similar	  to	  single	  atg6Δ	  mutant	   cells.	   Further	   increase	   of	   the	   Phe/Tyr	   to	   Trp	   ratio	   from	   3.5	   to	   6	   times	  strengthened	  these	  phenotypes	  (Fig.	  20,	  middle	  panel).	  Crucially,	  increasing	  Trp	  to	  levels	  similar	  to	  Phe	  and	  Tyr	  fully	  rescued	  the	  sensitivity	  and	  resistance	  phenotypes	  observed	   in	   the	  different	  mutants	   (Fig.	   20,	   right	   panel),	   thus	   excluding	  a	  possible	  role	   of	   generically	   increased	   osmotic	   stress	   in	   affecting	   cell	   viability	   in	   these	  experiments.	  	  
	  
Figure	  20:	  Unbalanced	  aromatic	  amino	  acid	  concentrations	  affect	  cell	  survival	  of	  mutant	  with	  
high	  PtdIns(3)P	  levels	  even	  in	  the	  absence	  of	  replication	  stress.	  Serial	   dilutions	   of	  WT	   and	   the	   indicated	   mutant	   cells	   were	   plated	   on	   poor	   synthetic	   solid	   medium	  supplemented	  with	  specific	   concentration	  of	  aromatic	  amino	  acids.	  1X	  refers	   to	   the	  concentration	  of	  the	  amino	  acid	  as	   contained	   in	   commonly	  used	   lab	  media	   (0.025mg/mL).	  Cells	  were	  plated	  on	   solid	  
1X#Trp#+#3,5X#(Phe/Tyr)##
WT#
##!ymr1Δ!inp53Δ!#1!!
########ymr1Δ!inp53Δ!sml1Δ::TRP1!#1!!
!!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!!!
##!ymr1Δ!inp53Δ!#2!!
##!!!!!!!!!!!!!!!atg6Δ!#1!!
##!!!!!!!!!!!!!!!atg6Δ!#2!!
########ymr1Δ!inp53Δ!sml1Δ::TRP1!#2!!
1X#Trp#+#6X#(Phe/Tyr)# 3,5X#Trp#+#3,5X#(Phe/Tyr)#
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media	  containing	  Phe	  and	  Tyr	  at	  a	  concentration	  that	  was	  3.5	  fold	  higher	  (3.5X)	  (left	  panel)	  or	  6	  fold	  higher	   (6X)	   (central	  panel)	   than	  Trp	  concentration	   (1X);	   in	   the	  right	  panel,	   the	  concentration	  of	  Trp	  was	  increased	  to	  the	  same	  concentration	  (3.5X)	  as	  Phe	  and	  Tyr.	  
	  
	  Our	  results,	  together	  with	  data	  shown	  in	  Fig.	  19,	  clearly	  demonstrate	  that	  it	  is	  not	  the	  absolute	   Trp	   concentration,	   but	   the	   specific	   ratio	   between	   Trp	   and	   other	   aromatic	  AAs	  that	  determines	  cell	  fate	  both	  in	  the	  presence	  and	  absence	  of	  replication	  stress.	  Moreover,	   the	   effect	   of	   AA	   unbalance	   on	   cell	   viability	   is	   strongly	   influenced	   by	  intracellular	   levels	   of	   PtdIns(3)P	   as	   determined	   by	   the	   balance	   of	   PtdIns	   kinase	  (Atg6)	  and	  phosphatase	  (Ymr1	  and	  Inp53)	  activity.	  	  
	  
2.8	  Double	  Trp/Phe	  auxotrophic	  strains	  are	  especially	  
sensitive	  to	  unbalanced	  aromatic	  amino	  acid	  
concentration	  when	  PtdIns(3)P	  levels	  are	  high.	  If	  our	  model	  is	  correct,	  cells	  requiring	  not	  only	  Trp	  (W303	  strains	  are	  auxotrophic	  for	  TRP),	   but	   also	   another	   aromatic	   AA,	   for	   instance	   Phe,	   to	   survive,	   should	   be	   highly	  sensitive	   to	   relative	   increases	   of	   Tyr	   and	   Trp	   (compared	   to	   Phe)	   in	   the	   growth	  medium.	  To	   test	   this	  hypothesis,	  we	  made	  our	  W303	  strain	  auxotrophic	   for	  Phe	  by	  deleting	   the	   PHA2	   gene	   that	   is	   involved	   in	   Phe	   synthesis;	   the	   pha2Δ	   strain	   cannot	  survive	   in	  the	  absence	  of	  Phe	   in	  the	  external	  environment.	  We	  then	  tested	  different	  combinations	  of	  extracellular	  Phe,	  Trp	  and	  Tyr	  concentrations	  in	  pha2Δ,	  pha2Δ	  atg6Δ	  and	   pha2Δ	   ymr1Δ	   inp53Δ	  mutants.	   Interestingly,	   AA	   imbalance,	   corresponding	   to	  Trp/Tyr	  being	  3	  times	  more	  concentrated	  than	  Phe,	  strongly	  sensitized	  ymr1Δ	  inp53Δ	  
pha2Δ	   cells	   to	   HU	   (Fig.	   21a).	   Further	   increase	   of	   aromatic	   AA	   imbalance	   without	  affecting	  Phe	  concentration	  reduced	  viability	  of	  pha2Δ	  cells	  even	  in	  the	  absence	  of	  HU	  
(Fig.	   21b,	   left	   panel);	   moreover,	   ATG6	   deletion	   (Fig.	   20b,	   left	   panel)	   partially	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suppressed	   pha2Δ,	   while	   increasing	   Phe	   concentration	   to	   balance	   extracellular	  aromatic	   AAs	   completely	   reversed	   the	   phenotype	   (Fig.	   21b,	   right	   panel).	   Finally,	  deletion	   of	   YMR1	   and	   INP53	   negatively	   affected	   cell	   viability	   during	   AA	   imbalance	  
(Fig.	  21c,	  left	  panel),	  but	  not	  when	  concentration	  of	  aromatic	  AAs	  was	  balanced.	  	  Collectively	  considered,	  these	  data	  contribute	  to	  reinforcing	  the	  hypothesis	  that	  high	  intracellular	  PtdIns(3)P	  levels	   inhibit	  the	  uptake	  of	  all	  aromatic	  AAs.	  Since	  aromatic	  AAs	  can	  compete	  with	  the	  same	  transporter	  (Barnett,	  2008;	  Surdin	  et	  al.,	  1965),	  high	  PtdIns(3)P	   levels	   (as	  observed	   in	  ymr1Δ	  inp53Δ	  mutants)	   are	  especially	   toxic	  when	  unbalanced	   extracellular	   AAs	   compromise	   the	   uptake	   of	   one	   specific	   essential	   AA	  (Trp	   in	   Trp-­‐auxotrophic	   strains	   or	   Phe	   in	   Phe-­‐auxitrophic	   strains)	   	   through	   a	  competition	  mechanism.	  This	   effect,	   which	   is	   particularly	   evident	   during	   replication	   stress	   conditions,	   also	  emerges	   in	   the	   absence	   of	   any	   treatment	   when	   the	   AA	   unbalance	   is	   severe.	   The	  simplest	   hypothesis	   to	   explain	   is	   to	   imagine	   that	   PtdIns(3)P	   reduces	   the	   levels	   or	  activity	  of	  AA	  transporters	  on	  the	  plasma	  or	  endosomal	  membranes.	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Figure	  21:	  Double	  Trp/Phe	  auxotrophies	  sensitize	  yeast	  cells	  to	  aromatic	  amino	  acid	  imbalance.	  
a)	   Serial	  dilutions	  of	  WT	   and	   the	   indicated	  mutant	   cells	  were	  plated	  on	  poor	   synthetic	  media	   in	   the	  absence	   (left	  panel)	  or	   in	   the	  presence	  of	  150mM	  HU	  (right	  panel).	  1X	  refers	   to	   the	  commonly	  used	  concentration	  in	  lab	  gwoth	  media	  (0.025mg/mL).	  In	  this	  experiment,	  the	  extracellular	  concentration	  of	  Tyr	  and	  Trp	  was	  3	  fold	  (3X)	  higher	  than	  Phe	  concentration	  (1X).	  b)	  and	  c)	  the	  synthetic	  medium	  was	  composed	  by	  mixing	  different	  concentrations	  of	  aromatic	  amino	  acids	   in	   the	  absence	  of	  HU.	  b)	  Cells	  were	   plated	   in	   a	  medium	   in	  which	   the	   Tyr	   and	   Trp	   concentration	  was	   6	   fold	   (6X)	   higher	   than	   Phe	  concentration	   (1X)	   (left	   panel)	   or	   the	   same	   as	   Phe	   concentration,	   and	   6	   fold	   higher	   than	   the	   usual	  concentration	   (6X)	   (right	   panel).	   c)	   Cells	   were	   plated	   in	   a	   medium	   in	   which	   the	   Tyr	   and	   Trp	  concentration	   was	   4	   fold	   (4X)	   higher	   than	   Phe	   concentration	   (1X)	   (left	   panel)	   or	   the	   same	   as	   Phe	  concentration,	  and	  4	  fold	  higher	  than	  the	  usual	  concentration	  (4X)	  (right	  panel).	  
	  
a)#
b)#
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!!!ymr1Δ!inp53Δ!#1!!
!!!!!pha2Δ!ymr1Δ!inp53Δ!!#1!!
!!!!!pha2Δ!#1!!
1X#Phe#+#3X#(Tyr/Trp)# 100mM#HU#
!!!!!pha2Δ!#2!!
!!!!!pha2Δ!#3!!
!!!!!pha2Δ!ymr1Δ!inp53Δ!!#2!!
1X#Phe#+#6X#(Tyr/Trp)# 6X#Phe#+#6X#(Tyr/Trp)#
##WT#
!!!!atg6Δ!
!!!!!!pha2Δ!atg6Δ!#1!!
!!!!!pha2Δ!#1!!
!!!!!pha2Δ!#2!!
!!!!!pha2Δ!#3!!
!!!!!!pha2Δ!atg6Δ!#2!!
!!!!!!pha2Δ!atg6Δ!#3!!
c)#
1X#Phe#+#4X#(Tyr/Trp)# 4X#Phe#+#4X#(Tyr/Trp)#
######!WT!
!!!ymr1Δ!inp53Δ!#1!!
!!!!!pha2Δ!ymr1Δ!inp53Δ!!#1!!
!!!!!pha2Δ!#1!!
!!!!!pha2Δ!#2!!
!!!!!pha2Δ!#3!!
!!!!!pha2Δ!ymr1Δ!inp53Δ!!#2!!
!!!!!pha2Δ!ymr1Δ!inp53Δ!!#3!!
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2.9	  Stabilizing	  amino	  acid	  transporters	  on	  the	  plasma	  
membrane	  suppresses	  the	  HU-­‐sensitivity	  of	  ymr1Δ 	  
inp53Δ 	  cells.	  	  If	   this	  model	   is	   correct,	   increasing	   AA	   uptake	   through	   transporters	   located	   on	   the	  plasma	  membrane	  should	  reduce	  or	  suppress	  the	  sensitivity	  of	  ymr1Δ	  inp53Δ	  to	  AA	  unbalance.	   To	   test	   this	   prediction,	   we	   deleted	   the	   BUL1	   gene,	   which	   codifies	   a	  ubiquitin-­‐binding	   component	   of	   the	   Rsp5p	   E3-­‐ubiquitin	   ligase	   complex	   that	   is	  involved	   in	   ubiquitin-­‐mediated	   degradation	   of	   AA	   transporters.	   In	   particular,	  BUL1	  deletion	   stabilizes	   AA	   transporters	   on	   the	   plasma	   membrane	   and	   consequently	  increases	   AA	   uptake	   (Merhi	   and	   Andre,	   2012).	   Interestingly,	   deletion	   of	   BUL1	  suppressed	   HU	   sensitivity	   of	   ymr1Δ	   inp53Δ	   in	   both	   YPD	   medium	   (Fig,	   22,	   upper	  
panel)	  and	  under	  relative	  “Trp	  depletion”	  (Fig.	  22	  bottom	  panel).	  
Figure	  22:	  BUL1	  deletion	  suppresses	  the	  sensitivity	  of	  ymr1Δ 	  inp53Δ 	  cells	  to	  HU	  and	  to	  
unbalanced	  aromatic	  amino	  acids.	  
a)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  in	  the	  absence	  (left	  panels)	  and	  in	  the	  presence	  (right	  panels)	  of	  150mM	  HU;	  b)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  synthetic	  poor	  medium	  supplemented	  with	  aromatic	  amino	  acids.	  1X	  refers	  to	  the	  commonly	  used	  amino	  acid	  concentration	  in	  growth	  media	  (0.025mg/mL).	  In	  b),	  left	  panel	  cells	  were	  plated	  on	  a	  medium	  containing	  a	  Tyr	  and	  Trp	  concentrations	  that	  were	  3.5	  fold	  higher	  (3.5X)	  than	  Phe	  
YPD$ 150mM$HU$
!!WT!
!!!!ymr1Δ!inp53Δ!#1!
!!!!ymr1Δ!inp53Δ!bul1Δ!#1!
!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!$
!!!!ymr1Δ!inp53Δ!#2!
!!!!ymr1Δ!inp53Δ!bul1Δ!#2!
!!!!ymr1Δ!inp53Δ!bul1Δ!#3!
!!!!ymr1Δ!inp53Δ!bul1Δ!#4!
1X$Trp$+$3,5X$(Phe/Tyr)$ 3,5X$Trp$+$3,5X$(Phe/Tyr)$
$$$WT$
$!atg6Δ!#1!!
$!atg6Δ!#2!!
!!!!ymr1Δ!inp53Δ!#1!
!!!!ymr1Δ!inp53Δ!#2!
!!!!!!!!ymr1Δ!inp53Δ!atg6Δ!$
!!!!ymr1Δ!inp53Δ!bul1Δ!#1!
!!!!ymr1Δ!inp53Δ!bul1Δ!#2!
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concentration	  (1X),	  in	  b),	  right	  panel	  the	  concentration	  of	  Phe,	  Tyr	  and	  Trp	  was	  the	  same,	  and	  3.5	  fold	  higher	  (3.5X)	  than	  in	  commonly	  used	  media.	  
	  
2.10	  PtdIns(3)P	  levels	  affect	  cell	  sensitivity	  to	  
unbalanced	  branched	  chain	  amino	  acid	  levels.	  	  	  Similar	   to	   the	  case	  of	  aromatic	  AAs,	  our	  metabolome	  analysis	  also	  showed	  a	  down-­‐regulation	   of	  metabolites	   of	   branched	   chain	   AAs	   in	   ymr1Δ	   inp53Δ	   cells	   and	   their	  rescue	   by	   deletion	   of	   ATG6	   in	   ymr1Δ	   inp53Δ	   cells	   (Fig.	   13e,	   Fig14b).	   However,	  different	  from	  the	  case	  of	  Trp,	  we	  did	  not	  observe	  any	  suppression	  of	  ymr1Δ	  inp53Δ	  mutant	   sensitivity	   to	   HU	   treatment	   when	   we	   increased	   Leu	   in	   the	   YPD	   growth	  medium	  (Fig.	  15,	  bottom	  panel).	  To	   clarify	   these	   contradictory	   results,	   we	   tested	   if	   specific	   balances	   of	   different	  branched	   chain	   AAs	   could	   affect	   cell	   viability	   under	   replication	   stress	   conditions	  similarly	   to	   the	  case	  of	  aromatic	  AAs.	  To	   test	   this	  hypothesis,	  we	   took	  advantage	  of	  the	  Leu	   auxotrophy	  of	   our	   strain,	   and	   treated	  WT,	  atg6Δ,	  ymr1Δ	  inp53Δ	  and	  ymr1Δ	  
inp53Δ	  atg6Δ	  cells	  with	  HU	  at	  different	  relative	  concentrations	  of	  branched	  chain	  AAs	  
(Fig.	  23).	  As	  in	  the	  case	  of	  aromatic	  AAs,	  we	  used	  a	  homemade	  synthetic	  medium	  that	  allowed	  us	  to	  modify	  the	  concentration	  of	  single	  AAs.	  	  When	  Ile	  and	  Val	  were	  more	  concentrated	  than	  Leu,	  ymr1Δ	  inp53Δ	  cells	  were	  highly	  sensitive	   to	   HU	   treatment,	   while	  ATG6	   deletion	   fully	   rescued	   the	   HU	   sensitivity	   of	  both	   WT	   strain	   and	   the	   ymr1Δ	   inp53Δ	   mutant	   (Fig.	   23a).	   By	   leaving	   Leu	  concentration	  unchanged,	  we	  then	  completely	  removed	  extracellular	  Ile	  and	  Val,	  and	  we	  observed	  no	  differences	  in	  cell	  viability	  among	  the	  different	  mutants	  (Fig.	   23b).	  Conversely,	   increasing	   Ile	   and	   Val	   by	   eight-­‐fold	   (relative	   to	   Leu)	   strongly	   reduced	  viability	  of	  WT	  and	  ymr1Δ	  inp53Δ	  cells	  even	  in	  absence	  of	  HU	  treatment,	  while	  ATG6-­‐deleted	  strains	  were	  resistant	  (Fig.	  23c,	   left	  panel);	  moreover,	  increasing	  Leu	  to	  re-­‐
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establish	  the	  1:1:1	  ratio	  between	  different	  branched	  chain	  AAs	  eliminated	  differences	  in	  cell	  viability	  (Fig.	  23c,	  right	  panel).	  	  These	   results	   confirm	   the	   role	   of	   intracellular	   PtdIns(3)P	   in	   influencing	   not	   only	  aromatic,	   but	   also	  branched	   chain	  AA	  uptake.	  Moreover,	   the	   competition	  model	   for	  the	   uptake	   of	   AAs	   belonging	   of	   the	   same	   biochemical	   family	   seems	   to	   be	   quite	   a	  general	  finding.	  	  
	  	  
	  
Figure	  23:	  Intracellular	  PtdIns(3)P	  levels	  affect	  viability	  of	  cells	  exposed	  to	  imbalanced	  
extracellular	  branched	  chain	  amino	  acid	  concentrations.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  
a)	  and	  b).	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  poor	  synthetic	  media	  in	  the	  absence	  (left	  panels)	  or	  in	  the	  presence	  (right	  panels)	  of	  150mM	  HU.	  	  The	  synthetic	  medium	  was	  obtained	   by	   combining	   different	   amino	   acid	   concentrations.	   1X	   refers	   to	   each	   amino	   acid’s	  concentration	   that	   is	   commonly	   used	   for	   yeast	   experiments	   (0.025mg/mL).	   In	   a),	   the	   extracellular	  concentration	  of	   Ile	  and	  Val	  was	  3	   fold	  higher	  (3X)	  than	  Leu	  concentration	  (1X);	   in	  b)	  only	  Leu	  (1X)	  was	  added	  to	  the	  medium.	  c)	  Cells	  were	  plated	  in	  the	  absence	  of	  HU	  on	  synthetic	  medium	  containing	  
a)#
1X#Leu#+#3X#(Ile/Val)# 150mM#HU#
##WT#
!atg6Δ!#1!!
!!!!!!ymr1Δ!inp53Δ!#1!!
!!!ymr1Δ!inp53Δ!atg6Δ!#1!!
!atg6Δ!#2!!
!!!!!!ymr1Δ!inp53Δ!#2!!
!!!ymr1Δ!inp53Δ!atg6Δ!#2!!
##WT#
!atg6Δ!#1!!
!!!!!!ymr1Δ!inp53Δ!#1!!
!!!ymr1Δ!inp53Δ!atg6Δ!#1!!
1X#Leu#+#0X#(Ile/Val)# 150mM#HU#
!atg6Δ!#2!!
!!!!!!ymr1Δ!inp53Δ!#2!!
!!!ymr1Δ!inp53Δ!atg6Δ!#2!!
b)#
c)# 1X#Leu#+#8X#(Ile/Val)# 8X#Leu#+#8X#(Ile/Val)#
##WT#
!atg6Δ!#1!!
!!!!!!ymr1Δ!inp53Δ!#1!!
!!!ymr1Δ!inp53Δ!atg6Δ!#1!!
!atg6Δ!#2!!
!!!!!!ymr1Δ!inp53Δ!#2!!
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an	   Ile	  and	  Val	  concentration	   that	  was	  8	   fold	  higher	   (8X)	   than	  Leu	  concentration	  (1X)	   (left	  panel),	  or	  containing	  a	  similarly	  high	  contentration	  of	  these	  three	  amino	  acids	  (right	  panel).	  
	  
	  
2.11	  Double	  Leu/Ile	  auxotrophic	  strains	  are	  especially	  
sensitive	  to	  unbalanced	  branched	  chain	  amino	  acid	  
concentration	  when	  PtdIns(3)P	  levels	  are	  high.	  To	  replicate	  the	  results	  obtained	  with	  aromatic	  AAs,	  we	  constructed	  our	  mutants	  to	  become	  auxotrophic	  also	  for	  another	  branched	  chain	  AA,	  namely	  Ile.	  We	  deleted	  the	  
ILV1	   gene,	  which	   is	   crucially	   involved	   in	   Ile	  de	  novo	   synthesis,	   in	  WT,	  atg6Δ,	  ymr1Δ	  
inp53Δ	  and	  ymr1Δ	  inp53Δ	  atg6Δ	  mutants.	  	  Interestingly,	   a	   slight	   relative	   increase	   in	   Leu	   and	   Val	   concentration	   (1.2	   fold	  increase)	  compared	  with	   Ile	   resulted	   in	   	  ymr1Δ	  inp53Δ	  ilv1Δ	  cells	  being	  sensitive	  to	  HU	   (Fig.	   24a).	   	   Further	   increasing	   Leu	   and	   Val	   in	   the	   growth	   medium	   (four-­‐fold	  increase	  compared	  with	  WT	  cells)	  severely	  affected	  viability	  of	  ilv1Δ	  cells	  even	  in	  the	  absence	   of	   HU,	   and	   deletion	   of	   ATG6	   partially	   rescued	   this	   sensitivity	   (Fig.	   24b).	  Viability	  of	  ymr1Δ	  inp53Δ	  cells	  was	  even	  more	  significantly	  affected	  by	  ILV1	  deletion	  in	  conditions	  of	  moderate	  branched	  chain	  AA	  unbalance	  Leu	  and	  Val	  2.5-­‐fold	  higher	  than	  Leu)	   (Fig.	   24c,	   left	   panel),	  while	   re-­‐establishing	  AA	  balance	  eliminated	   these	  differences	  (Fig.	  24c,	  right	  panel).	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Figure	  24:	  Double	  Leu/Ile	  auxotrophies	  sensitize	  yeast	  cells	  to	  branched	  chain	  amino	  acid	  imbalance.	  
a)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  poor	  synthetic	  medium	  in	  the	  absence	  (left	  panel)	  and	  in	  the	  presence	  of	  100	  mM	  (central	  panel)	  and	  150mM	  (right	  panel)	  HU.	  1X	  refers	   to	   the	   concentration	   of	   each	   amino	   acid	   as	   present	   in	   commonly	   used	   growth	   media	  (0.025mg/mL).	   In	   the	  synthetic	  medium,	   the	  extracellular	   concentration	  of	  Val	  and	  Leu	  was	  1.2	   fold	  higher	  (1.2X)	  than	  Ile	  concentration	  (1X).	  b)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  in	  the	  absence	  of	  HU	  on	  poor	  synthetic	  medium	  where	  the	  Val	  and	  Leu	  concentration	  was	  4	  fold	  higher	  (4X)	  (left	  panel)	  than	  Ile	  concentration	  (1X),	  or	  the	  same	  for	  each	  amino	  acid,	  and	  4	  fold	  higher	  than	   usual	   amino	   acid	   concentration	   (1X)	   (right	   panel).	   c)	   Serial	   dilutions	   of	  WT	   and	   the	   indicated	  mutant	   cells	   were	   plated	   in	   the	   absence	   of	   HU	   on	   poor	   synthetic	   medium	   where	   the	   Val	   and	   Leu	  concentration	  was	  2.5	  fold	  higher	  (2.5X)	  than	  Ile	  concentration	  (1X)	  (left	  panel)	  or	  the	  same	  for	  each	  amino	  acid,	  and	  2.5	  higher	  than	  the	  commonly	  used	  concentration	  (1X).	  	  Similar	   to	   the	  case	  of	  aromatic	  AAs,	  BUL1	  deletion	  suppressed	   the	  HU	  sensitivity	  of	  
ymr1Δ	  inp53Δ	  under	  relative	  Leu	  insufficiency	  induced	  by	  branched	  chain	  amino	  acid	  imbalance	  (Fig.	  25a,	  left	  panel).	  The	  relative	  rescue	  of	  cell	  viability	  induced	  by	  BUL1	  
a)#
b)#
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!!!!ilv1Δ!#1!!
!!!!ilv1Δ!atg6Δ!#1!!
1X#Ile#+#4X#(Val/Leu)# 4X#Ile#+#4X#(Val/Leu)#
!!!!ilv1Δ!#2!!
!!!!ilv1Δ!#3!!
!!!!ilv1Δ!atg6Δ!#2!!
!!!!ilv1Δ!atg6Δ!#3!!
1X#Ile#+#1.2X#(Val/Leu)# 100mM#HU#
WT#
!!!!!ymr1Δ!inp53Δ!
!!!ilv1Δ!ymr1Δ!inp53Δ!!#1!!
!!!!!!!!ilv1Δ!#1!!
!!!!!!!!ilv1Δ!#2!!
!!!!!!!!ilv1Δ!#3!!
!!!ilv1Δ!ymr1Δ!inp53Δ!!#2!!
!!!ilv1Δ!ymr1Δ!inp53Δ!!#3!!
150mM#HU#
c)#
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!!!!!ymr1Δ!inp53Δ!
!!!ilv1Δ!ymr1Δ!inp53Δ!!#1!!
!!!!!!!!ilv1Δ!#1!!
!!!!!!!!ilv1Δ!#2!!
!!!!!!!!ilv1Δ!#3!!
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!!!ilv1Δ!ymr1Δ!inp53Δ!!#3!!
1X#Ile#+#2.5X#(Val/Leu)# 2.5X#Ile#+#2.5X#(Val/Leu)#
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deletion	  was	  comparable	  to	  that	  obtained	  with	  ATG6	  deletion.	  In	  the	  case	  of	  balanced	  branched	   chain	   AAs,	   BUL1	   or	   ATG6	   deletions	   did	   not	   improve	   cell	   viability,	   as	  expected	  (Fig.	  25a,	  right	  panel).	  Finally,	  BUL1	  deletion	  suppressed	  the	  sensitivity	  of	  
ymr1Δ	  inp53Δ	  mutants	  exposed	  to	  relative	  Leu	  depletion	  compared	  to	  branched	  chain	  AAs	  even	  in	  the	  absence	  of	  HU	  (Fig.	  25b).	  	  	  
	  
Figure	  25:	  BUL1	  deletion	  suppresses	  the	  sensitivity	  of	  ymr1Δ 	  inp53Δ 	  mutants	  to	  both	  HU	  and	  
unbalanced	  branched	  chain	  amino	  acid	  concentrations.	  
a)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  synthetic	  poor	  medium	  without	  (left	  panel)	  or	  with	   (right	  panel)	  150	  mM	  HU.	  The	  synthetic	  poor	  was	   supplemented	  with	  branched	  chain	   amino	   acids.	   1X	   refers	   to	   single	   amino	   acid	   concentrations	   in	   commonly	   used	   growth	   media	  (0.025mg/mL).	   The	   extracellular	   concentration	   of	   Ile	   and	   Val	   was	   3	   fold	   (3X)	   higher	   than	   Leu	  concentration	  (1X).	  b)	  The	  same	  synthetic	  medium	  as	  in	  a)	  was	  used,	  but	  with	  extracellular	  Ile	  and	  Val	  concentration	  that	  was	  8	  fold	  higher	  (8X)	  than	  Leu	  concentration	  (1X)	  (left	  panel)	  or	  just	  the	  same	  as	  Leu,	  with	  all	  amino	  acids	  being	  8	  fold	  more	  concentrated	  than	  in	  common	  media	  (1X)	  (right	  panel).	  
	  These	   results	   are	   consistant	   with	   those	   obtained	   with	   aromatic	   amino	   acid	  manipulations,	   and	   in	   line	   with	   the	   hypothesis	   that	   PtdIns(3)P	   is	   involved	   in	   AA	  transport	  inside	  cells.	  Moreover,	  competition	  for	  uptake	  of	  AAs	  belonging	  to	  the	  same	  biochemical	   family	   (aromatic,	   branched	   chain)	   is	   a	   crucial	   determinant	   of	   cell	  viability	  during	  replication	  stress	  or	  even	  in	  unperturbed	  conditions.	  	  
a)#
b)#
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2.12	  Genetic	  screening	  to	  identify	  biochemical	  
pathways	  downstream	  of	  PtdIns(3)P	  in	  the	  presence	  
and	  absence	  of	  replication	  stress.	  In	  order	   to	   identify	   candidate	   genes	   involved	   in	  PtdIns(3)P-­‐mediated	   regulation	  of	  AA	  uptake,	  we	  searched	  for	  genes	  that	  are	  required	  for	  cell	  viability	  of	  ymr1Δ	  inp53Δ	  mutants	  in	  either	  the	  absence	  or	  the	  presence	  of	  HU-­‐induced	  replication	  stress.	  We	  performed	   a	   genome-­‐wide	   screening	   by	   using	   the	   synthetic	   Genetic	   Array	   (SGA)	  methodology	  (see	  Materials	  and	  Methods)	  in	  the	  Y7092	  yeast	  strain,	  a	  derivative	  of	  S288c.	  We	  constructed	  ymr1Δ	  inp53Δ	  haploid	  mutant	  in	  this	  genetic	  background	  and	  crossed	   both	   the	  WT	   and	   the	   ymr1Δ	   inp53Δ	   mutant	   with	   a	   deletion	  mutant	   array	  (DMA),	  composed	  of	  approximately	  5000	  nonessential	  gene	  deletions.	  We	  therefore	  obtained	   approximately	   5000	   single	   (WT	   except	   for	   the	  DMA	  mutation)	   and	   5000	  triple	   (ymr1Δ	   inp53Δ	   plus	   the	   DMA	   mutation)	   mutants,	   which	   were	   grown	   on	  synthetic	  complete	  (SC)	  medium	  plates	   for	  24	  hours.	  Each	  single	  and	  triple	  mutant	  was	  scored	  on	  the	  basis	  of	  colony	  size.	  The	  colony	  sizes	  were	  normalized	  to	  the	  80-­‐percentile	   of	   each	   screening	   plate,	   eliminating	   inter-­‐plate	   variations.	   The	   obtained	  size	  value	  represents	  the	  percentage	  of	  the	  size	  a	  colony	  in	  which	  the	  DMA	  deletion	  does	  not	  affect	  the	  growth	  of	  the	  query	  strain.	  In	  Fig.	  26a,	  each	  dot	  corresponds	  to	  the	  size	  value	  of	  one	  specific	  deletion	  mutant	  of	  the	  DMA,	  crossed	  either	  with	  the	  WT	  (x-­‐axis)	  or	  with	  the	  ymr1Δ	  inp53Δ	  (y-­‐axis)	  query	  strain.	  In	  the	  case	  that	  one	  specific	  deletion	  affects	   the	   size	  of	  WT	  and	  ymr1Δ	  inp53Δ	   cells	   in	   a	   similar	  way,	  we	  expect	  that	   the	  dot	   representing	   that	  deletion	   is	  placed	   in	   close	  proximity	   to	   the	  diagonal	  line	   passing	   through	   the	   origin	   of	   the	   axes	   and	   an	   angular	   coefficient	   of	   1.	   If	   the	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mutation	   negatively	   affects	   cell	   size	   in	   ymr1Δ	   inp53Δ	   compared	   to	   WT	   cells,	   we	  expect	  that	  the	  dot	   is	  placed	  below	  this	  diagonal.	  Finally,	   if	   the	  mutation	  negatively	  affects	   cell	   size	   in	   the	   WT	   compared	   to	   the	   ymr1Δ	   inp53Δ	  mutant,	   we	   expect	   the	  corresponding	  dot	  to	  be	  placed	  over	  the	  diagonal.	  As	  can	  be	  seen	  in	  Fig.	   26a,	  most	  mutations	  of	  the	  DMA	  did	  not	  differently	  affect	  cell	  size	  in	  the	  ymr1Δ	  inp53Δ	  and	  WT	  backgrounds;	   only	   a	   few	   genes,	   which	   are	   represented	   by	   red	   dots,	   negatively	  affected	   the	  colony	  size	   in	  ymr1Δ	  inp53Δ	  mutants,	  while	  WT	  was	  never	   specifically	  affected.	  We	  then	  replicated	  the	  arrays	  on	  YPD	  and	  YPD	  plus	  HU	  200	  mM	  plates	  and	  scored	  colony	  sizes	  of	  single	  and	  triple	  mutants	  after	  24h	  (YPD	  plates)	  and	  43h	  (YPD	  plus	  HU	  plates).	  Results	  are	  represented	  in	  Fig.	  26b,	  with	  the	  left	  panel	  representing	  normalized	  colony	  sizes	  on	  YPD	  plates,	  and	  the	  right	  panel	  representing	  normalized	  colony	  sizes	  on	  YPD	  plus	  HU	  plates.	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Figure	  26:	  Genetic	  interactors	  of	  ymr1Δ 	  inp53Δ 	  revealed	  by	  SGA	  screening.	  
a)	  The	  scatter	  plot	  displays	  normalized	  colony	  sizes	  of	  DMA	  mutants	  crossed	  with	  either	  WT	  (x-­‐axis)	  or	  ymr1Δ	  inp53Δ	  	  (y-­‐axis)	  query	  strains	  in	  SCD	  medium.	  	  
b)	  The	   left	  panel	   scatter	  plot	  displays	  normalized	  colony	  sizes	  of	  DMA	  mutants	   crossed	  with	  either	  WT	   (x-­‐axis)	   or	   ymr1Δ	   inp53Δ	   (y-­‐axis)	   query	   strains	   in	   YPD	   medium	   (left	   panel).	   The	   right	   panel	  displays	  normalized	  colony	  sizes	  of	  DMA	  mutants	  crossed	  with	  ymr1Δ	  inp53Δ	  in	  YPD	  medium	  (x-­‐axis)	  or	  YPD	  medium	  with	  HU	  (y-­‐axis).	  	  
A	   normalized	   size	   of	   100	   reflects	   unaffected	   growth,	   whereas	   a	   normalized	   size	   of	   0	   reflects	   no	  growth.	   Significant	   genetic	   interactors	   were	   defined	   as	   described	   in	   Materials	   and	   Methods	   and	  indicated	  as	  red	  dots.	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Overall,	  we	  found	  93	  negative	  genetic	  interactions	  between	  single	  gene	  deletions	  and	  the	  ymr1Δ	  inp53Δ	  background	  as	  compared	  to	  WT	  cells,	   including	  interactions	  both	  with	  and	  without	  HU.	  The	  majority	  of	  genes	  negatively	  interacted	  with	  ymr1Δ	  inp53Δ	  background	  also	  in	  the	  absence	  of	  HU	  treatment.	  Table	  1	  contains	  the	  single	  genes	  (one	  gene	  per	  line),	  and	  each	  cell	  of	  the	  table	  indicates	  the	  size	  of	  the	  corresponding	  mutant	   of	   either	   the	  WT	   (three	   left	   columns)	   or	   the	   ymr1Δ	   inp53Δ	  mutant	   (three	  right	  columns)	  in	  different	  cell	  media	  (YPD,	  SC	  and	  HU-­‐containing	  media	  from	  left	  to	  right).	   In	  addition,	   the	  colony	  size	   is	  reflected	  with	  a	  color	  gradient	  (0	  =	  red,	  100	  =	  green).	  	  
As	   can	  be	   seen,	   some	  of	  ymr1Δ	  inp53Δ	   negative	   interactions	  were	   found	  with	  gene	  deletions	  affecting	   the	  TRP	  biosynthesis	  pathway,	   thus	  confirming	  results	  obtained	  in	   the	   W303	   background	   and	   presented	   before.	   For	   instance,	   TRP2	   deletion	  specifically	  affected	  cell	  size	  of	  ymr1Δ	  inp53Δ	  mutant	  during	  HU	  treatment.	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Table1	  
	  
	  
	   100	  
Table1	  continued	  
	  
Table	  1:	  Genes	  that	  show	  negative	  genetic	  interaction	  with	  PtdIns3-­‐phosphatases	  YMR1	  and	  
INP53	  from	  an	  SGA	  screening.	  This	  heat	  map	   table	   contains	  genes	   that	   showed	  a	  negative	  genetic	   interaction	  with	  ymr1Δ	   inp53Δ	  mutants	  in	  the	  SGA	  screen.	  Each	  cell	  represents	  the	  normalized	  colony	  size	  of	  the	  library	  mutant	  (0	  =	  no	  growth,	  100	  =	  unaffected	  growth),	  crossed	  with	  the	  “WT”	  and	  “yi”	  (ymr1Δ	  inp53Δ)	  query	  strains.	  Methods	  for	  the	  quantitative	  analysis	  of	   the	  colony	  size	  of	  single	  and	  triple	  mutants	  are	  described	  in	  Materials	  and	  Methods.	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We	  then	  clustered	  the	  genes	  emerging	  from	  the	  screen	  on	  the	  basis	  of	  the	  metabolic	  pathway	   they	   take	   part	   in	   Table	   2.	   Of	   note,	   most	   of	   ymr1Δ	   inp53Δ	   negative	  interactions	   occurred	   with	   genes	   involved	   in	   ER-­‐Golgi	   vesicle	   trafficking	   (Table1	  
and	  2),	  coherently	  with	  the	  role	  of	  PtdIns(3)-­‐phosphatases	  Golgi	  vesicle	  trafficking	  (Ha	  et	  al.,	  2001;	  Ha	  et	  al.,	  2003).	  ymr1Δ	  inp53Δ	  also	  negatively	  interacted	  with	  genes	  involved	  in	  endosomal/vacuole	  trafficking,	  which	  is	   in	   line	  with	  our	  data	   indicating	  that	   the	   endosomal	   Vps34/Atg6/Vps38	   complex	   specifically	   affects	   viability	   of	  
ymr1Δ	  inp53Δ	  cells	   in	  the	  W303	  background.	  Finally,	  genetic	   interactions	  were	  also	  found	  with	  genes	  involved	  in	  AA	  metabolism	  (Table2).	  
	  
	  
Table	  2:	  Functional	  clasification	  of	  genes	  that	  negatively	  interact	  with	  YMR1	  and	  INP53	  in	  the	  
presence	  and	  the	  absence	  of	  replication	  stress.	  Genes	  are	  grouped	  based	  on	  their	  cellular	  function	  suggested	  from	  http://www.yeastgenome.org/	  
In	  red	  are	  indicated	  genes	  demonstrating	  a	  strong	  negative	  genetic	   interaction	  with	  ymr1Δ	  inp53Δ	  mutants	  in	  HU.	  In	  black	  are	  indicated	  genes	  showing	  negative	  genetic	  interaction	  with	  ymr1Δ	  inp53Δ	  mutants	  even	  in	  the	  absence	  of	  HU.	  
ER#$GOLGI#
metabolism#
#
Endosomes$
Vacuole#
#
Amino#acid#
metabolism#
#
mitochondria#
metabolism#
#
###################Other#func;ons#
#
PKR1#
SPF1#
GET1#
UBP3#
BRE5#
SAC1#
MNN10#
VPS1#
COG5#
COG6#
COG7#
COG8#
GDA1#
DRS2#
AGE2#
ARL1#
SYS1#
GOS1#
VPS5#
VPS17#
VPS51#
VPS53#
VPS63#
YPT6#
RIC1#
VMS1#
#
VPS24#
VPS35#
VPS41#
VPS60#
VPS46/DID2#
YPT7#
YGR122W#
MON1#
CCZ1#
BPH1#
VAM7#
VAM10#
VAM21#
PFA3#
YDR455C#
RIM101#
#
SER1#
SER2#
HOM2#
HOM3#
TRP2#
TRP3#
TCO89#
URE2#
MTC5#
NPR2#
#
ATP2#
RPO41#
PET130#
RSM25#
CSF1#
#
RAD6#
DIA2######Ubiqui;n#
BRE1#
#
CBC2#
CTK1#
CTK3#####RNA#metabolism#
SKY1#
SOH1#
#
ATG21###CVT#Pathway##
VAC8#
#
PHO80###Cell#cycle#
SWI4#
#
SPE1######Polyamine##metabolism#
BRP1#
#
INP52#####PIP#metabolism#
IRS4#
#
ELM1######Cell#morphology#
KRE28#
#
TEF4########Transla;on#
#
MRE11#####DNA#repair#
#
RSC2#########Chroma;n#remodeling#
#
SXM1#########Nuclear#transport#
MOG1#
#
KRE1##########Cell#wall#
#
ERG5##########Ergosterol#metabolism#
#
SAC7###########Ac;n#organiza;on#
#
MFA1##########Ma;ng#
#
STB5###########Mul;drug#resistance#
#
YJL175W#####Unknown##
YNR005C#
YDL172C#
RRT16#
#
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In	   particular,	   deletion	   of	   SER1	   and	   SER2	   genes,	   which	   are	   involved	   in	   serine	  biosynthesis,	   reduced	  cell	  viability	   in	  ymr1Δ	  inp53Δ	  mutants	  even	   in	   the	  absence	  of	  HU	   (Table1	   and	   Fig.	   27a).	   	   Deletion	   of	   the	   HOM2	   and	   HOM3	   genes,	   which	   are	  involved	  in	  threonine	  biosynthesis,	  also	  reduced	  cell	  viability	  of	  ymr1Δ	  inp53Δ	  mutant	  cells	  (Table	  1	  and	  Fig.	  27b).	  	  
	  
Figure	  27:	  Genes	  involved	  in	  Serine	  or	  Threonine	  biosynthesis	  show	  negative	  genetic	  interaction	  
with	  the	  YMR1	  and	  INP53	  phosphatases.	  
a)	   and	  b)	  This	   figure	  represents	  part	  of	  a	  screening	  plate	  containing	  colonies	  derived	   from	  crossing	  the	  WT	  strain	   (left	  panels)	  or	   the	  ymr1Δ	   inp53Δ	  mutant	   (right	  panel)	  with	   the	  deletion	  array.	  Red	  squares	  enclose	  synthetic	  sick	  combination	  mutants	  derived	  from	  crossing	  ymr1Δ	  inp53Δ	  cells	  with	  either	  SER1/SER2	  (a)	  or	  HOM2/HOM3	  (b)	  deletion.	  	  	  
Deletion	  of	  SER1,	  SER2,	  HOM3	  or	  HOM2	  also	  made	  WT	  cells	  sensitive	  to	  HU	  (Fig.	  28a),	  while	  deletion	  of	  ATG6	  suppressed	  this	  sensitivity	  (Fig.	  28b).	  	  
ser1Δ&
WT# ymr1Δ&inp53Δ&
#
ser2Δ&
a)#
hom3Δ&
hom2Δ&
WT# ymr1Δ&inp53Δ&b)#
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Figure	  28:	  Deletion	  of	  genes	  involved	  in	  Serine	  or	  Threonine	  biosynthesis	  increase	  the	  HU	  
sensitivity	  of	  cells.	  	  
a)	   Serial	   dilutions	   of	  WT	   and	   the	   indicated	   mutant	   cells	   were	   plated	   on	   YPD	   solid	   medium	   in	   the	  absence	  (left	  panel)	  and	  in	  the	  presence	  of	  150	  mM	  HU	  (right	  panel).	  b)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  medium	  in	  the	  absence	  (left	  panels)	  and	  in	  the	  presence	  of	  150	  mM	  HU	  (central	  panels)	  or	  200	  mM	  HU	  (right	  panels).The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  	  
	  
We	   could	   suppress	   the	   HU	   sensitivity	   of	   ser1Δ	   and	   ser2Δ	   mutant	   cells	   by	  supplementing	   serine	   in	   the	   medium	   (Fig.	   29	   upper	   panel).	   Also	   supplementing	  threonine	  to	  the	  medium	  suppresses	  the	  HU	  sensitivity	  of	  hom3Δ	  and	  hom2Δ	  mutant	  cells	  (Fig.	  29	  bottom	  panel).	  	  
!WT!
!!!!!!!!!!!ser1Δ!!
!!!!!!!ser1Δ!atg6Δ!#1!
!!!!!!!ser1Δ!atg6Δ!#2!
!!!!!!!ser1Δ!atg6Δ!#3!
YPD$ 150mM$HU$ 200mM$HU$
b)$
!WT!
!!!!!!!!!!!ser2Δ!!
!!!!!!!ser2Δ!atg6Δ!#1!
!!!!!!!ser2Δ!atg6Δ!#2!
!!!!!!!ser2Δ!atg6Δ!#3!
!WT!
!!!!!!!!hom3Δ!!
!!!!hom3Δ!atg6Δ!#1!
!!!!hom3Δ!atg6Δ!#2!
!!!!hom3Δ!atg6Δ!#3!
YPD$ 150mM$HU$
!WT!
!!!!ser1Δ!!
!!!!ser2Δ!!
$hom3Δ$$
$hom2Δ$$
a)$
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Figure	  29:	  Supplementing	  Serine	  or	  Threonine	  in	  medium	  suppresses	  the	  HU	  sensitivity	  of	  
mutants	  that	  inhibit	  Serine	  or	  Threonine	  biosynthesis	  respectively.	  Serial	  dilutions	  of	  WT	   and	   the	   indicated	  mutant	  cells	  were	  plated	  on	  YPD	   in	   the	  absence	  (upper	  and	  lower	  line,	  left	  panels)	  and	  in	  the	  presence	  of	  150	  HU	  without	  (upper	  and	  lower	  lines,	  central	  panels)	  or	  with	  the	  supplementation	  of	  0.1mg/ml	  of	  Serine	  (upper	  line,	  right	  panel)	  or	  Threonine	  (lower	  line,	  right	  panel).	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  	  	  
Also	  in	  the	  W303	  background,	  deleting	  SER1,	  SER,	  HOM2	  and	  HOM3	   led	  to	  increased	  HU	   sensitivity,	   which	   was	   suppressed	   by	   ATG6	  deletion	   (Fig.	   30a	   and	   Fig.	   30b).	  Interestingly,	  deletion	  of	  HOM3	  and	  HOM2	  caused	  a	  growth	  defect	  even	  in	  the	  absence	  of	  HU	  treatment,	  while	  ATG6	  deletion	  suppressed	  this	  phenotype.	  
	  
	  
YPD$ 150mM$HU$ 150mM$HU$+$Ser$
$$$ser1Δ$$
$$$ser2Δ$$
150mM$HU$+$Thr$150mM$HU$$YPD$
'WT'
'hom3Δ''
'hom2Δ''
'WT'
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Figure	  30:	  ATG6	  deletion	  suppresses	  the	  HU	  sensitivity	  of	  mutants	  that	  inhibit	  Serine	  and	  
Threonine	  denovo	  biosynthesis.	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  in	  the	  absence	  (left	  panels)	  and	   in	   the	   presence	   of	   150	   mM	   (central	   panels)	   and	   200	   mM	   (right	   panels)	   of	   HU.	   The	   #	   symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  	  	  
In	   summary,	   these	   data	   suggest	   that	   serine	   and	   threonine	   are	   needed	   during	  replicative	   stress.	   Moreover,	   as	   for	   other	   AAs,	   atg6Δ	   mutants	   may	   have	   increased	  intracellular	   levels	   of	   serine	   and	   threonine,	  while	   ymr1Δ	   inp53Δ	  mutants	  are	   likely	  starved	  for	  serine	  or	  threonine,	  and	  WT	  cells	  contain	  intermediate	  AA	  levels.	  Even	  if	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WT#
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$$$$$$$ser1Δ#atg6Δ##3#
a)$
WT#
#####ser2Δ##1#
#####ser2Δ##2#
#####ser2Δ##3#
#######ser2Δ#atg6Δ##1#
#######ser2Δ#atg6Δ##2#
$$$$$$$ser2Δ#atg6Δ##3#
YPD$ 150mM$HU$ 200mM$HU$
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!!hom3Δ!#1!
!!!!hom3Δ!atg6Δ!#1!
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!!!!hom3Δ!atg6Δ!#2!
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the	  mechanism	   connecting	   PtdIns(3)P	   levels	  with	   AA	   uptake	   is	   still	   unknown,	   it	   is	  highly	   likely	   that	   high	   PtdIns(3)P	   intracellular	   concentrations	   reduce	   the	   uptake	   of	  most,	  if	  not	  all,	  AAs;	  the	  effects	  of	  this	  regulation	  can	  become	  evident	  during	  specific	  stresses,	  such	  as	  replication	  stress,	  or	  when	  extracellular	  AA	  concentration	  is	  severely	  unbalanced,	  thus	  leading	  to	  a	  competition	  between	  biochemically	  similar	  AAs	  for	  the	  transporters	  located	  on	  the	  cell	  membrane	  or	  vacuolar	  membranes.	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Chapter	  3	  
Inhibition	  of	  the	  General	  Amino	  Acid	  Control	  
(GAAC)	  suppresses	  sensitivity	  of	  cells	  with	  high	  
PtdIns(3)P	  during	  replication	  stress	  	  
	  
3.1	  Activation	  of	  the	  GAAC	  pathway	  is	  increased	  in	  
ymr1Δ 	  inp53Δ ,	  and	  decreased	  in	  atg6Δ 	  mutants	  
during	  HU	  treatment.	  To	   further	   characterize	   the	   connection	   between	   AAs	   and	   HU-­‐induced	   replication	  stress,	   we	   investigated	   if	   the	   General	   Amino	   Acid	   Control	   (GAAC)	   pathway,	   which	  responds	   to	   AA	   starvation,	   contributes	   to	   replication	   stress	   response	   in	   cells	   with	  deregulated	  PtdIns(3)P	   levels.	  To	  monitor	  GAAC	  activation	  we	  assessed	  by	  western	  blot	  analysis	  the	  phosphorylation	  state	  of	  eIF2α,	  which	  is	  induced	  when	  cells	  undergo	  replication	  stress	  induced	  HU	  and	  MMS	  (Cherkasova	  and	  Hinnebusch,	  2003).	  	  
Results	   shown	   in	   Fig.	   30	   confirm	   that	   eIF2α	   phosphorylation	   (p-­‐eIF2α)	   increases	  significantly	  when	  WT	  cells	  are	  released	  into	  the	  cell	  cycle	  in	  the	  presence	  of	  HU,	  but	  not	  in	  its	  absence.	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Figure	  31:	  GAAC	  pathway	  is	  activated	  under	  replication	  stress	  
WT	  cells	  were	   synchronized	   in	   G1	   phase	  with	  α-­‐factor,	   and	   then	   released	   into	   the	   cell	   cycle	   in	   the	  presence	  of	  150mM	  HU.	  Samples	  were	  collected	  at	  the	  indicated	  time	  points	  for	  FACS	  analysis	  (upper	  panels)	  and	  TCA	  protein	  precipitation	   to	   immunodetect	   the	  p-­‐eIF2α	   and	   total	  eIF2α	  protein	   levels	  (lower	  panels).	  	  Pgk1	  was	  used	  as	  loading	  control.	  
	  
We	  then	  assessed	  the	  phosphorylated	  state	  of	  eIF2α,	  as	  well	  as	  total	  protein	  levels	  of	  its	  downstream	   target	  Gcn4,	   in	  WT,	  atg6Δ	   and	  ymr1Δinp53Δ	   cells	  during	   treatment	  with	   150	  mM	  HU.	   Interestingly,	  we	   found	   that	   both	   p-­‐	   eIF2α	   and	   total	   Gcn4	   levels	  were	  lower	  in	  atg6Δ	  cells,	  and	  higher	  in	  ymr1Δ	  inp53Δ	  mutants	  compared	  to	  WT	  cells	  under	  HU	  treatment	  (Fig.	  32).	  	  
The	   GCAA	   pathway	   is	   usually	   activated	   during	   AA	   starvation,	   and	   induces	   many	  response	   that	   lead	   to	   increased	   AA	   uptake	   and	   de	   novo	   synthesis.	   Since	   cells	   with	  higher	  PtdIns(3)P	  levels	  have	  reduced/unbalanced	  intracellular	  AAs	  (see	  Chapter	  2	  of	  Results),	  the	  GCAA	  pathway	  could	  be	  activated	  in	  ymr1Δ	  inp53Δ	  and,	  partially,	  also	  in	  WT	  cells	  as	  a	  response	  to	  AA	  starvation,	  possibly	  helping	  them	  survive.	  On	  the	  other	  hand,	  atg6Δ	  mutants,	  which	  probably	  have	  higher	  intracellular	  AA	  levels,	  do	  not	  need	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hyperactive	  GCAA	  to	  increase	  AA	  uptake.	  	  
	  
	  
Figure	  32:	  The	  GAAC	  pathway	  is	  less	  active	  in	  atg6Δ 	  cells	  and	  hyperactive	  in	  ymr1Δ inp53Δ 	  
during	  HU	  treatment.	  
WT	  cells	  and	  the	  indicated	  mutants	  were	  synchronized	  in	  G1	  phase	  with	  α-­‐factor,	  and	  then	  released	  into	  the	  cell	  cycle	  in	  YPD	  medium	  containing	  150mM	  HU.	  Samples	  were	  collected	  at	  the	  indicated	  time	  points	  for	  FACS	  analysis	  of	  cell	  cycle	  progression	  and	  western	  blot	  analysis	  of	  p-­‐eIF2α,	   total	  eIF2α,	  and	  Gcn4-­‐PK.	  	  Pgk1	  was	  used	  as	  loading	  control	  of	  protein	  samples.	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3.2	  GAAC	  pathway	  reduces	  viability	  of	  yeast	  mutants	  
with	  high	  PtdIns(3)P	  levels	  during	  replication	  stress.	  	  If	   the	  GAAC	   is	   activated	   as	   a	   protective	   response	   to	  AA	   starvation	   in	  mutants	  with	  high	  PtdIns(3)P	  levels,	  we	  would	  expect	  GCN2	  or	  GCN4	  deletions	  to	  sensitize	  WT	  and	  
ymr1Δinp53Δ	  cells	  to	  HU-­‐induced	  replication	  stress.	  
Surprisingly,	   deletion	  of	  GCN2	   induced	   resistance	   to	  HU	   treatment	   in	  WT	  cells,	   and	  also	   suppressed	   HU	   sensitivity	   of	   ymr1Δinp53Δ	   mutants.	   GCN4	   deletion	   produced	  	  similar	   results,	   thus	   suggesting	   that	   activation	   of	   Gcn2-­‐Gcn4	   pathway	   is	   directly	  detrimental	   during	   replication	   stress	   in	   yeast	   mutants	   with	   high	   PtdIns(3)P	  intracellular	   concentration	   (Fig.	   33a).	   To	   directly	   test	   if	   the	   Gcn2-­‐Gcn4	   pathway	  responds	  to	  AA	  starvation	  during	  HU	  treatment,	  we	  increased	  the	  TRP	  concentration	  in	   the	   YPD	   medium	   and	   looked	   for	   activation	   of	   the	   GAAC	   pathway;	   of	   note,	   TRP	  addition	   to	   levels	   that	   make	   cells	   resistant	   to	   HU	   treatment	   (see	   Chapter	   2)	  significantly	  reduced	  p-­‐eIF2α	  in	  ymr1Δ	  inp53Δ	  cells	  (Fig	  33b).	  	  
These	  data	  confirm	  that	  the	  GAAC	  is	  activated	  in	  response	  to	  AA	  starvation	  resulting	  from	   increased	   PtdIns(3)P	   intracellular	   levels,	   and	   negatively	   affects	   cell	   survival	  with	  unknown	  mechanisms.	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Figure	  33:	  Deletion	  of	  GCN2	  or	  GCN4	  suppresses	  the	  HU	  sensitivity	  of	  ymr1Δ 	  inp53Δ 	  cells.	  
a)	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  YPD	  in	  the	  absence	  (left	  panel)	  and	  in	  the	  presence	  of	  100	  mM	  (central	  panel)	  and	  150	  mM	  (right	  panel)	  HU.	  The	  #	  symbol	  indicates	  independent	  clones	  of	  the	  same	  genotypes.	  	  
b)	  ymr1Δ	  inp53Δ	  cells	  were	  synchronized	  in	  G1	  phase	  with	  α-­‐factor,	  and	  released	  in	  YPD	  medium	  containing	   either	   150	  mM	   HU	   or	   150	  mM	   HU	   plus	   0.25mg/ml	   TRP.	   Samples	   were	   collected	   at	   the	  indicated	  time	  points	  for	  western	  blot	  analysis	  of	  p-­‐eIF2α,	  total	  eIF2α	  and	  Pgk1.	  	  
We	   then	   asked	  whether	   inhibition	   of	   GAAC	  was	   able	   also	   to	   increase	   resistance	   of	  
ymr1Δinp53Δ	  mutants	   to	   the	   lethal	  effect	  deriving	   from	  aromatic	  or	  branched	  chain	  AA	   unbalances	   also	   in	   the	   absence	   of	   HU	   treatment.	   GCN4	   deletion	   partially	   or	  completely	   suppressed	   the	   sensitivity	   of	   ymr1Δinp53Δ	   mutants	   when	   exposed	   to	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aromatic	  (Fig.	  34a)	  or	  branched	  chain	  (Fig.	  34b)	  AA	  imbalance,	  respectively,	  	  
	  
Figure	  34:	  Deletion	  of	  GCN4	  partially	  suppresses	  the	  sensitivity	  of	  ymr1Δ 	  inp53Δ 	  cells	  to	  amino	  
acid	  imbalance.	  
a)	  and	  b).	  Serial	  dilutions	  of	  WT	  and	  the	  indicated	  mutant	  cells	  were	  plated	  on	  poor	  synthetic	  media.	  supplemented	  with	  specific	   concentration	  of	  aromatic	  amino	  acids.	  1X	  refers	   to	   the	  concentration	  of	  single	  amino	  acids	  that	  is	  commonly	  used	  (0.025mg/mL).	  a)	  Cells	  were	  plated	  in	  a	  medium	  were	  the	  concentration	  of	  Phe	  and	  Tyr	  was	  6	   fold	  higher	   (6X)	   than	  Trp	  concentration	   (1X)	   (left	  panel)	  or	   the	  same	   as	   Trp	   concentration,	   with	   all	   three	   amino	   acids	   being	   6	   times	   more	   concentrated	   than	  commonly	  used	  AAs	  (1X))	  (right	  panel);	  b)	  Cells	  were	  plated	  in	  a	  medium	  were	  the	  concentration	  of	  Ile	  and	   Val	   was	   7	   fold	   higher	   (7X)	   than	   Leu	   concentration	   (1X)	   (left	   panel)	   or	   the	   same	   as	   Leu	  concentration,	  with	  all	  three	  AAs	  being	  seven	  times	  more	  concentrated	  than	  commonly	  used	  AAs	  (1X)	  (right	  panel)	  (7X).	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3.3	  TORC1	  pathway	  is	  not	  implicated	  in	  the	  replication	  
stress	  response	  in	  cells	  with	  altered	  PtdIns(3)P	  levels	  	  The	  Target-­‐Of-­‐Rapamycin	  Complex	  I	  (TORC1),	  which	  is	  crucially	   involved	  in	  protein	  synthesis	   and	   cell	   proliferation	   in	   eukaryotic	   cells,	   can	   be	   directly	   activated	   by	  specific	   intracellular	   AAs,	   including	   glutamine,	   arginine	   and	   leucine	   (Shimobayashi	  and	  Hall,	  2016).	  Since	  the	  intracellular	  levels	  of	  some	  AAs	  are	  directly	  deregulated	  in	  
atg6∆	   and	  ymr1∆	  inp53∆	   cells,	  we	  asked	  whether	  TORC1	  activation	  state	   is	  affected	  by	  ATG6	  or	  YMR1/INP53	  deletions,	  likely	  contributing	  to	  cell	  response	  to	  HU-­‐induced	  replication	  stress.	  To	  answer	  this	  question,	  we	  looked	  at	  the	  phosphorylation	  state	  of	  Sch9	   and	  Npr1,	   two	   independent	   targets	   of	  TORC1	   (Fig.	   35).	  However,	  we	  did	  not	  observe	  significant	  changes	  in	  total	  or	  phosphorylated	  levels	  of	  Sch9	  (Fig.	  35a)	  and	  Npr1	   (Fig.	   35b),	   thus	   excluding	   TORC1	   as	   a	   possible	   determinant	   of	   cell	   viability	  during	  PtdIns(3)P-­‐induced	  AA	  starvation	  or	  unbalance.	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Figure	  35:	  TORC1	  pathway	  is	  not	  altered	  in	  PtdIns(3)P	  mutants	  under	  replication	  stress	  
a)	  and	  b).	  WT	  cells	  and	  the	  indicated	  mutants	  were	  synchronized	  in	  G1	  phase	  with	  α-­‐factor,	  and	  then	  released	   into	   the	   cell	   cycle	   in	   YPD	   medium	   containing	   150mM	   HU.	   Samples	   were	   collected	   at	   the	  indicated	   time	   points	   for	   western	   blot	   analysis	   of	   phosphorylated	   Sch9	   and	   the	   total	   Sch9	   protein	  levels	  (a)	  and	  Npr1-­‐PK	  (b).	  	  Pgk1	  was	  used	  as	  loading	  control.	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Materials and methods 
Yeast	  strain	  construction	  
All	  mutant	  strains	  constructed	  in	  this	  study	  (Table	  3)	  were	  obtained	  by	  PCR-­‐mediated	  gene	   disruption	   (Longtine	   et	   al.,	   1998)	   and	   transformations	   by	   lithium	   acetate	  method	  (Agatep	  et	  al.,	  1998).	  10ml	  of	  exponentially	  growing	  cells	  (1x10	  7cells/ml)	  are	  collected	   in	   a	   50ml	   falcon	   tube	   and	   pelleted	   by	   centrifugation	   at	   4000	   rpm	   for	   3	  minutes.	   The	   pellet	   was	   re-­‐suspended	   in	   20ml	   of	   sterile	   ddH2O	   for	   washing	   and	  centrifuged	   again	   at	   4000	   rpm	   for	   3	  min.	   Then	   cells	   were	   re-­‐suspended	   in	   1ml	   of	  ddH2O	  and	  transfered	  into	  1,5ml	  eppendorf	  tube	  and	  pelleted	  in	  microcentrifuge	  at	  13000	  rpm	  for	  1	  min.	  To	  the	  pellet,	  360μl	  of	  the	  following	  mix	  was	  added:	  50%	  PEG	  	  	  240μl	  1M	  LiAc	  	  	  36μl	  Single	  stranded-­‐DNA	  (10mg/ml)	  	  10μl	  PCR-­‐amplified	  linear	  DNA	  cassette	  	  	  1μg	  Sterile	  ddH2O	  up	  to	  360μl	  	  After	  vortexing	  until	  pellet	  was	  fully	  re-­‐suspend	  in	  the	  transformation	  mix,	  cells	  were	  incubated	  at	  42°C	  for	  40min.	  The	  cells	  were	  centrifuged	  at	  13000	  rpm	  for	  1	  min	  and	  then	  plated	  on	  the	  appropriate	  selective	  growth	  medium.	  	  	  Yeast	  strains	  were	  grown	  at	  25°C	  in	  YPD	  medium	  unless	  otherwise	  indicated.	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Construction	  of	  Vps34	  conditional	  mutant	  (VPS34CM)	  
VPS34CM	  was	  constructed	  as	  described	  in	  (Kotter	  et	  al.,	  2009).	  At	  the	  start	  codon	  of	  
VPS34,	   a	   KanMX6-­‐pADH1-­‐tc3-­‐ATG6HA	   PCR	   amplified	   DNA	   sequence	   from	   p30599	  plasmid	  (EUROSCARF)	  (Fig.	   36)	  was	   inserted.	  This	  sequence	  is	  composed	  by	  G418-­‐	  resistance	   gene	   sequence,	   the	   ADH1	   promoter,	   a	   synthetic	   5’	   UTR	   sequence	   that	  contains	  3	  tc	  aptamer,	  an	  ATG	  codon	  and	  six	  HA	  tag	  sequences	  in	  tandem.	  The	  5’UTR	  containing	   tc	   aptamer	   will	   be	   part	   of	   an	   mRNA	   encoded	   by	   VPS34.	   Tc	   aptamer	  sequence	  has	  a	  high	  affinity	  binding	  for	  tetracycline	  .The	  binding	  of	  tc	  aptamer	  with	  tetracycline	  has	  been	  shown	  to	  inhibit	  translation	  of	  mRNA	  by	  preventing	  the	  binding	  of	  the	  small	  ribosomal	  subunit	  to	  the	  mRNA	  	  (Hanson	  et	  al.,	  2003)	  	  
	  
Figure	  36:.	  Construction	  of	  VPS34	  conditional	  mutant	  	  Schematic	  representation	  of	  the	  insertion	  of	  KanMX6-­‐pADH1-­‐tc3-­‐ATG6HA	  cassette	  at	  the	   start	   codon	   of	   the	   VPS34	   gene.	   The	   cassette	   contains:	   1)	   a	   KanMX6	   sequence	  encoding	  proteins	  of	  resistance	  to	  geneticin	  (G418),	  which	  is	  needed	  for	  the	  selection	  of	   cells	   that	   have	   incorporated	   the	   cassette;	   2)	   a	   promoter	   sequence	   for	   the	  expression	   of	   the	   VPS34	   gene;	   3)	   a	   synthetic	   5’UTR	   that	   contains	   3	   tetracycline-­‐binding	  aptamer,	  followed	  by	  an	  ATG	  codon	  and	  six	  HA	  tag	  sequences.	  
	  
VPS34&
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Table	  3:	  Yeast	  strains	  genotype	  
Strain	  name	  in	  
thesis	   Genotype	   Background	   Source	  
WT	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+	   W303	   H.	  Klein	  
atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH	  
W303	   this	  
study	  
atg1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg1Δ::KAN	  
W303	   this	  
study	  	  
ymr1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN	  
W303	   this	  
study	  
inp53Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
inp53::NAT	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐ W303	   this	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atg6Δ	   11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  atg6Δ
::HPH	  
study	  
vps34Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
vps34Δ::NAT	  
W303	   this	  
study	  
Vps34CM	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
pADH1-­‐tc3-­‐6xHA-­‐VPS34	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
Vps34CM	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  pADH1-­‐tc3-­‐6xHA-­‐
VPS34	  
W303	   this	  
study	  
atg14Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg14::NAT	  
W303	   this	  
study	  
vps38Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
vps38::NAT	  
W303	   this	  
study	  
atg6Δ	  atg14Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH,	  atg14::NAT	  
W303	   this	  
study	  
atg6Δ	  vps38Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
W303	   this	  
study	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atg6Δ::HPH,	  vps38::NAT	  
ymr1Δ	  inp53Δ	  
vps38Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  
vps38::NAT	  
W303	   this	  
study	  
	   	   	   	  
ymr1Δ	  inp53Δ	  
atg14Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  
atg14::NAT	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
atg1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  atg1::NAT	  
W303	   this	  
study	  
WT(Sml1-­‐HA-­‐HIS)	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
Sml1-­‐HA-­‐HIS,	  
W303	   this	  
study	  
atg6Δ(Sml1-­‐HA-­‐
HIS)	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
Sml1-­‐HA-­‐HIS,	  atg6Δ::HPH	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
sml1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  sml1::HPH	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  rfx1
Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  
RAD5+,ymr1::KAN,	  inp53::NAT,	  rfx1::HPH	  
W303	   this	  
study	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sml1Δ::TRP1	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
sml1::TRP1	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
sml1Δ::TRP1	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
sml1::TRP1,	  ymr1::KAN,	  inp53::NAT,	  
W303	   this	  
study	  
atg6Δ	  sml1Δ
::TRP1	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
sml1::TRP1,	  atg6Δ::HPH	  
W303	   this	  
study	  
WT	  (Y7092)	   Matalpha,	  can1Δ::STEpr-­‐Sp_his5,	  lyp1,	  
his3Δ1,	  leu2Δ0,	  ura3Δ0,	  met15Δ0,	  
LYS2+	  
S288c	   SGA	  
query	  
trp1Δ::KAN	   Matalpha,	  can1Δ::STEpr-­‐Sp_his5,	  lyp1,	  
his3Δ1,	  leu2Δ0,	  ura3Δ0,	  met15Δ0,	  
LYS2+,	  trp1Δ::KAN	  
S288c	   this	  
study	  
trp1Δ	  atg6Δ	   Matalpha,	  can1Δ::STEpr-­‐Sp_his5,	  lyp1,	  
his3Δ1,	  leu2Δ0,	  ura3Δ0,	  met15Δ0,	  
LYS2+,	  trp1Δ::KAN,	  atg6Δ::HPH	  
S288c	   this	  
study	  
ymr1Δ	  inp53Δ	   Matalpha,	  can1Δ::STEpr-­‐Sp_his5,	  lyp1,	  
his3Δ1,	  leu2Δ0,	  ura3Δ0,	  met15Δ0,	  
LYS2+,	  ymr1::HPH,	  inp53::NAT	  
S288c	   this	  
study	  
ymr1Δ	  inp53Δ	  
sml1Δ::TRP1	  bna2
Δ	  
Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
sml1::TRP1,	  ymr1::KAN,	  
W303	   this	  
study	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inp53::NAT,bna2::HPH	  
pha2Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
pha2Δ::KAN	  
W303	   this	  
study	  
pha2Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH,	  pha2Δ::KAN	  
W303	   this	  
study	  
	   	   	   	  
pha2Δ	  ymr1Δ	  
inp53Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  pha2Δ::KAN	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
bul1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  bul1Δ::KAN	  
W303	   this	  
study	  
ilv1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ilv1Δ::KAN	  
W303	   this	  
study	  
ilv1Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH,	  ilv1Δ::KAN	  
W303	   this	  
study	  
ilv1Δ	  ymr1Δ	  inp53
Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  ilv1Δ::KAN	  
W303	   this	  
study	  
WT	   Mata	  his3Δ1	  leu2Δ0	  met15Δ0	  ura3Δ0	   S288c	   EUROS
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CARF	  
ser1Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  ser1Δ::KAN	   S288c	   EUROSCARF	  
ser2Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  ser2Δ::KAN	   S288c	   EUROSCARF	  
hom3Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  hom3Δ::KAN	   S288c	   EUROSCARF	  
hom2Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  hom2Δ::KAN	   S288c	   EUROSCARF	  
ser1Δ	  atg6Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  ser1Δ::KAN,	  atg6Δ::HPH	   S288c	   EUROSCARF	  
ser2Δ	  atg6Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  ser2Δ::KAN,	  atg6Δ::HPH	   S288c	   EUROSCARF	  
hom3Δ	  atg6Δ	   Mata	  his3Δ1,	  leu2Δ0,	  met15Δ0,	  ura3Δ
0,	  hom3Δ::KAN,	  atg6Δ::HPH	   S288c	   EUROSCARF	  
ser1Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ser1Δ::HPH	  
W303	   this	  
study	  
ser2Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ser2Δ::HPH	  
W303	   this	  
study	  
hom3Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
hom3Δ::HPH	  
W303	   this	  
study	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hom2Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
hom2Δ::HPH	  
W303	   this	  
study	  
ser1Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ser1Δ::HPH,	  atg6Δ::KAN	  
W303	   this	  
study	  
ser2Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ser2Δ::HPH,	  atg6Δ::KAN	  
W303	   this	  
study	  
hom3Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
hom3Δ::HPH,	  atg6Δ::KAN	  
W303	   this	  
study	  
hom2Δ	  atg6Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
hom2Δ::HPH,	  atg6Δ::KAN	  
W303	   this	  
study	  
WT(Gcn4-­‐PK-­‐HIS)	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
Gcn4-­‐PK-­‐HIS	  
W303	   this	  
study	  
atg6Δ(Gcn4-­‐PK-­‐
HIS)	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH,	  Gcn4-­‐PK-­‐HIS	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ
(Gcn4-­‐PK-­‐HIS)	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  Gcn4-­‐PK-­‐HIS	  
W303	   this	  
study	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gcn2Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
gcn2Δ::HPH	  
W303	   this	  
study	  
gcn4Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
gcn4Δ::HPH	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
gcn2Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  gcn2Δ::HPH	  
W303	   this	  
study	  
ymr1Δ	  inp53Δ	  
gcn4Δ	   Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  gcn4Δ::HPH	  
W303	   this	  
study	  
WT(Npr1-­‐PK-­‐HIS)	  
	  
	  
	  
atg6Δ(Npr1-­‐PK-­‐HIS)	  
	  
	  
	  
ymr1Δ	  inp53Δ
(Npr1-­‐PK-­‐HIS)	  
Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
Npr1-­‐PK-­‐HIS	  
	  
Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
atg6Δ::HPH,	  Npr1-­‐PK-­‐HIS	  
	  
Mata	  ade2-­‐1,	  trp1-­‐1,	  leu2-­‐3,112,	  	  his3-­‐
11,15,	  ura3,	  	  can1-­‐100,	  GAL	  PSI+,	  	  RAD5+,	  
ymr1::KAN,	  inp53::NAT,	  Npr1-­‐PK-­‐HIS	  
W303	  
	  
	  
	  
W303	  
	  
	  
	  
W303	  
this	  
study	  
	  
	  
this	  
study	  
	  
	  
this	  
study	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Yeast	  growth	  media	  
YPD	  media	  composition	  (Difco	  manual):	  Yeast	  extract	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   10g	  Peptone	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   20g	  H2O	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   up	  to	  1000ml	  Glucose	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   2%	  final	  concentration	  Agar	  	  	  (for	  solid	  medium	  growth)	  	  	   	   2%	  final	  concentration	  	  
Amino	  acid	  concentration	  (mg/ml)	  in	  YPD	  (calculated	  in	  base	  of	  known	  amino	  acid	  %	  in	  yeast	  extract	  and	  peptone	  reported	  in	  Difco	  manual)	  	  Alanine	   	   2.27mg/ml	  Arginine	   	   1.654mg/ml	  Aspartic	  acid	   	   1.789mg/ml	  Cysteine	   	   0.114mg/ml	  Glutamic	  Acid	  	   3.462mg/ml	  Glycine	   	   3.443mg/ml	  Histidine	   	   0.236mg/ml	  Isoleucine	   	   0.613mg/ml	  Leucine	   	   1.07mg/ml	  Lysine	  	   	   1.199mg/ml	  Methionine	   	   0.343mg/ml	  Phenylalanine	   0.615mg/ml	  Proline	   	   2.02mg/ml	  Serine	  	   	   0.858mg/ml	  Threonine	   	   0.657mg/ml	  Tryptophan	   	   0.208mg/ml	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Tyrosine	   	   0.248mg/ml	  Valine	   	   	   0.849mg/ml	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  19a	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.075mg/ml;	  Tryptophan	  0.025mg/ml;	  Phenylalanine	  0.075mg/ml;	  Tyrosine	  0.03mg/ml.	  	   	   	   	   	   	   	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  19b	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.075mg/ml;	  Tryptophan	  0.075mg/ml;	  Phenylalanine	  0.075mg/ml;	  Tyrosine	  0.03mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  19c	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.025mg/ml;	  Tryptophan	  0.025mg/ml;	  	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.19d	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.025mg/ml;	  Tryptophan	  0.025mg/ml;	  Phenylalanine	  0.025mg/ml;	  Tyrosine	  0.025mg/ml.	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Synthetic	   poor	   media	   composition	   used	   in	   (Fig.	   20	   and	   in	   Fig.	   22	  
bottom	  panel)	  left	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.09mg/ml;	  Tryptophan	  0.025mg/ml;	  Phenylalanine	  0.09mg/ml;	  Tyrosine	  0.09mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  20	  middle	  panel	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Tryptophan	  0.025mg/ml;	  Phenylalanine	  0.15mg/ml;	  Tyrosine	  0.15mg/ml.	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  figure	  (Fig.	  20	  and	  Fig.	  22	  
bottom	  panel)	  right	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.09mg/ml;	  Tryptophan	  0.09mg/ml;	  Phenylalanine	  0.09mg/ml;	  Tyrosine	  0.09mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  21a	  	  
Components	  at	  final	  concentration	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Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.075mg/ml;	  Phenylalanine	  0.025mg/ml;	  Tyrosine	  0.075mg/ml;	  Tryptophan	  0.075mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  21b	  left	  panel	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Phenylalanine	  0.025mg/ml;	  Tyrosine	  0.15mg/ml;	  Tryptophan	  0.15mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  21b	  right	  panel	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Phenylalanine	  0.15mg/ml;	  Tyrosine	  0.15mg/ml;	  Tryptophan	  0.15mg/ml.	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  21c	  left	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Phenylalanine	  0.025mg/ml;	  Tyrosine	  0.1mg/ml;	  Tryptophan	  0.1mg/ml.	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  21c	  right	  panel	  
Components	  at	  final	  concentration	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Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Phenylalanine	  0.1mg/ml;	  Tyrosine	  0.1mg/ml;	  Tryptophan	  0.1mg/ml.	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  23a	  and	  in	  Fig25a	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.025mg/ml;	  Isoleucine	  0.075mg/ml;	  Valine	  0.075mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  23b	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.025mg/ml.	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  (Fig.	  23c	  and	  Fig.	  25b)	  left	  
panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.025mg/ml;	  Isoleucine	  0.2mg/ml;	  Valine	  0.2mg/ml.	  
	  
Synthetic	   poor	   media	   composition	   used	   in	   (Fig.	   23c	   and	   Fig.	   25b)	  
right	  panel	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Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.2mg/ml;	  Isoleucine	  0.2mg/ml;	  Valine	  0.2mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  24a	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.03mg/ml;	  Isoleucine	  0.025mg/ml;	  Valine	  0.03mg/ml;	  Leucine	  0.03mg/ml.	  	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  24b	  left	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.1mg/ml;	  Isoleucine	  0.025mg/ml;	  Valine	  0.1mg/ml;	  Leucine	  0.1mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  24b	  right	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.1mg/ml;	  Isoleucine	  0.1mg/ml;	  Valine	  0.1mg/ml;	  Leucine	  0.1mg/ml.	  	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  24c	  left	  panel	  
Components	  at	  final	  concentration	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Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.06mg/ml;	  Isoleucine	  0.025mg/ml;	  Valine	  0.06mg/ml;	  Leucine	  0.06mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  24c	  right	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.06mg/ml;	  Isoleucine	  0.06mg/ml;	  Valine	  0.06mg/ml;	  Leucine	  0.06mg/ml.	  	  
	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  34a	  left	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Tryptophan	  0.025mg/ml;	  Phenylalanine	  0.15mg/ml;	  Tyrosine	  0.15mg/ml.	  	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  34a	  right	  panel	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Leucine	   0.15mg/ml;	  Tryptophan	  0.15mg/ml;	  Phenylalanine	  0.15mg/ml;	  Tyrosine	  0.15mg/ml.	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  34b	  left	  panel	  	  
Components	  at	  final	  concentration	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Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.025mg/ml;	  Isoleucine	  0.17mg/ml;	  Valine	  0.17mg/ml.	  	  	  
Synthetic	  poor	  media	  composition	  used	  in	  Fig.	  34b	  right	  panel	  	  
Components	  at	  final	  concentration	  Yeast	   nitrogen	   base	   (YNB)	   without	   amino	   acids	   6.7mg/ml;	   Glucose	   2%;	   Adenine	  0.025mg/ml;	   Uracil	   0.025mg/ml;	   Histidine	   0.025mg/ml;	   Tryptophan	   0.025mg/ml;	  Leucine	  0.17mg/ml;	  Isoleucine	  0.17mg/ml;	  Valine	  0.17mg/ml.	  	  
Protein	  extract	  preparation	  using	  TCA	  method	  	  
Approximately	   10ml	   of	   culture	   cells	   at	   the	   concentration	   of	   10	   7	   cells/ml	   were	  collected	   at	   the	   indicated	   time	   points	   and	   centrifuged	   for	   3	  minutes	   at	   4000	   rpm.	  Then	   the	   pellet	   was	   washed	   with	   1ml	   ice-­‐cold	   20%	   TCA	   and	   transferred	   in	   1.5ml	  tubes	  and	  centrifuged	  for	  1	  minute	  at	  13000	  rpm.	  The	  pellet	  was	  then	  resuspended	  in	  100μl	  of	  ice-­‐cold	  20%	  TCA	  and	  an	  equal	  volume	  of	  glass	  beads	  (425-­‐600	  μm,	  Sigma-­‐Aldrich)	  is	  added.	  Cells	  were	  disrupted	  by	  vortexing	  at	  high	  speed	  for	  7	  minutes.	  To	  the	   lysate,	   200μl	   of	   5%	  TCA	  was	   added	   and	   then	   transferred	   in	   new	   tubes.	   	   Then	  proteins	  were	  pelleted	  by	   centrifugation	  of	   lysate	   for	  10	  minutes	  at	  3000	  rpm.	  The	  pellet	  were	  then	  resuspended	  in	  1	  x	  Laemmli	  buffer	  (composed	  of	  SDS	  2%,	  Tris-­‐HCl	  pH	   6.8	   60	   mM,	   glycerol	   10%	   and	   bromophenol	   blue	   0.01%)	   also	   containing	   β-­‐mercaptoethanol	   as	   a	   reducing	   agent	   and	   basic	   TRIS	   to	   neutralize	   the	   TCA.	   The	  extract	  were	  boiled	  (95°C)	  for	  4	  min	  and	  centrifuged	  for	  10	  minutes	  at	  3000	  rpm.	  The	  supernatant	  was	  transferred	  to	  a	  new	  tube	  and	  the	  protein	  extract	  was	  loaded	  on	  an	  SDS-­‐PAGE	  gel	  or	  stored	  at	  -­‐80°C.	  (Adapted	  from	  Yeast	  Protocols	  Handbook,	  Clontech	  Laboratories,	  Inc.	  Protocol	  No.	  PT3024-­‐1,	  2009)	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Western	  blot	  analysis	  
For	  all	  western	  blots	  presented	   in	   this	   thesis,	   the	  protein	  extracts	  were	   loaded	  and	  separated	  based	  on	  their	  molecular	  weight	  in	  10%	  polyacrylamide	  gels	  containing	  an	  acrylamide	   to	   bisacrylamide	   ratio	   of	   29;1.	   Proteins	  were	   than	   transferred	   from	   the	  gel	   onto	   nitrocellulose	   membrane	   (Whatman	   Protrane,	   Nitrocellulose	   Transfer	  Membrane,	  Pore	  size	  0.45μm)	  for	  1	  hour	  at	  100	  Volts	  in	  transfer	  buffer	  (Glycine	  1%,	  Tris-­‐HCl	  0.02	  M,	  Methanol	  20%).	  Then	  membranes	  were	  blocked	  overnight	  at	  4°C	  in	  5%	  milk	  in	  PBST	  1X.	  followed	  by	  incubation	  in	  the	  appropriate	  primary	  antibodies	  for	  2	  hours	  and	  30	  minutes	  at	  room	  temperature	  the	  next	  day	  (refer	  to	  Table	  4	  below	  for	  a	   list	   of	   antibodies	   used	   in	   this	   thesis).	   After	  washing	   3	   x	   1xPBST,	   the	  membranes	  were	   hybridized	   in	   secondary	   antibodies	   for	   1	   hour.	   Next,	   the	   membranes	   were	  washed	   again	  3	   times	  with	  1X	  PBST	   and	   incubated	   for	   5	  minutes	  with	   SuperSignal	  West	  Dura	  Chemiluminescent	  Substrate.	  The	  signal	  was	  acquired	  by	  using	  ChemiDoc	  (Bio-­‐	  Rad,	  Molecular	  Imager	  ChemiDoc	  XRS+).	  	  
Table	  4:	  Antibodies	  used	  in	  this	  work	  
Protein	  	  
	  
1st	  Antibody	  	  
	  
2nd	  Antibidy	  	  
	  
Phospho-­‐Rad53	   F9.1	  Antibody	  1:200	  	  
produced	  by	  IFOM	  monoclonal	  facility	  
Anti-­‐mouse,	  Goat	  polyclonal	  (Bio-­‐rad	  #170-­‐6516)	  IgG-­‐HRP	  1:20000	  	  
	  Rad53	   EL.7	  Antibody	  1:50	   Anti-­‐mouse,	  Goat	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produced	  by	  IFOM	  monoclonal	  facility	   polyclonal	  (Bio-­‐rad	  #170-­‐6516)	  IgG-­‐HRP	  1:20000	  	  
	  Slm1-­‐HA	   anti-­‐HA	  Mouse	  monoclonal	  12CA5	  (Roche	  Applied	  Science)	  5	  mg/ml,	  dilution	  used:	  1:1000	  	  
	  
Anti-­‐mouse,	  Goat	  polyclonal	  (Bio-­‐rad	  #170-­‐6516)	  IgG-­‐HRP	  1:20000	  
Rnr1	   anti-­‐Rnr1	  (yN-­‐16)	  Goat	  polyclonal	  IgG	  	  sc-­‐11980	  	  (Santa	  Cruz)	  200μg/ml,	  dilution	  used	  1:1000	  	  
	  
Pgk1	   Mouse	  monoclonal	  1	  mg/ml,	  Invitrogen,	  dilution	  used:	  1:10000	  	  
	  
Anti-­‐mouse,	  Goat	  polyclonal	  (Bio-­‐rad	  #170-­‐6516)	  IgG-­‐HRP	  1:20000	  	  
	  Gcn4-­‐PK	  Npr1-­‐PK	   V5-­‐TAG,	  MCA	  1360	  (Bio-­‐Rad)	   Anti-­‐mouse,	  Goat	  polyclonal	  (Bio-­‐rad	  #170-­‐6516)	  IgG-­‐HRP	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1:20000	  	  
	  Phospho-­‐eIF2α	   P-­‐eIF2α	   Rabbit	  Total	  eIF2α	   A	  gift	  from	  Tom	  Dever	   Rabbit	  P-­‐sch9	   A	  gift	  from	  Maria	  Cardenas-­‐Corona	  lab	   Rabbit	  Total	  Sch9	   A	  gift	  from	  Maria	  Cardenas-­‐Corona	  lab	   Rabbit	  	  
Drug	  sensitivity	  assay	  by	  serial	  dilution	  of	  cells	  	  
Cells	  were	   grown	   in	  5ml	  YPD	  at	  25°C	  over	  night	   to	   reach	   stationary	  phase.	   10	   fold	  serial	  dilutions	  were	  made	  and	  plated	  on	  YPD	  plates	  alone,	  containing	  HU	  or	  MMS	  or	  in	  synthetic	  poor	  medium	  as	  described	  above.	  Plates	  were	  then	  incubated	  at	  25	  °C	  for	  3	  days	  and	  scanned.	  	  
Yeast	  cell	  synchronization	  
We	  used	  4µg/ml	  α	   factor,	  a	  pheromone	  produced	  by	  Matalpha	  cells,	  to	  arrest	  Mata	  cells	   in	  G1	  phase	  of	  cell	  cycles.	  Cells	  were	  released	   into	  the	  cell	  cycle	  by	  harvesting,	  washing,	  and	  resuspending	  in	  YPD	  or	  YPD	  supplemented	  with	  HU.	  	  
Fluorescence-­‐activated	  Cell	  Sorting	  (FACS)	  analysis	  of	  DNA	  
content	  
For	  FACS	  analysis,	  10	  7	  cells	  were	  collected	  and	  pelleted	  by	  centrifugation.	  Cells	  were	  then	  fixed	  with	  1ml	  of	  70%	  ethanol	  in	  Tris	  250mM	  pH	  7.6	  for	  1	  hour	  or	  overnight	  at	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4°C.	  Then	  cells	  were	  pelleted	  by	  centrifugation,	  resuspended	  in	  500µl	  Tris	  50mM	  pH	  7.6-­‐solution	  containing	  2mg/ml	  of	  RNase	  A	  and	  incubated	  at	  37°C	  for	  minimum	  of	  4	  hours.	  Then	  Propidium	  Iodide	  50μg/ml	  in	  180mM	  Tris-­‐HCl	  pH	  7.6,	  190	  mM	  NaCl,	  70	  mM	  MgCl2	  was	  used	  for	  DNA	  staining.	  80µl	  of	  stained	  cells	  were	  diluted	  in	  1ml	  of	  Tris	  50mM	  pH	  6.8	  and	  analyzed	  using	  cytometer	  machine	  (FACScan	  or	  FACScalibur;	  BD).	  	  For	   different	   experiments	   presented	   in	   the	   thesis,	   the	   DNA	   content	   was	   used	   to	  confirm	  the	  cell	  synchronization	  induced	  by	  α	  factor	  treatment	  or	  the	  S-­‐phase	  arrest	  induced	  by	  HU	  treatment.	  
Metabolomic	  analysis	  Logarithmic	  (5x106	  cells/ml)	  yeast	  cells	  were	  arrested	   in	  G1	  with	  α	   factor	  and	   then	  released	  in	  YPD	  supplemented	  with	  150mM	  HU	  in	  6	  replicates.	  	  At	  2	  hours	  in	  HU,	  cells	  were	  collected	  and	  pelleted	  by	  centrifugation.	  The	  pellets	  were	  then	  washed	  with	  ?,	  and	   after	   removing	   the	   supernatant,	   cells	   were	   frozen	   for	   few	   seconds	   in	   liquid	  nitrogen	   and	   stored	   at	   -­‐80°C.	   Metabolite	   profiling	   was	   performed	   by	   Metabolon	  company	   (Metabolon,	   Inc.	   •	   617	   Davis	   Drive,	   Suite	   400,	   Durham,	   NC	   27713)	   using	  Ultrahigh	   Performance	   Liquid	   Chromatography-­‐Tandem	   Mass	   Spectroscopy	   as	  described	   in	   (Chaudhri	   et	   al.,	   2013).	   The	   statistical	   analysis	   as	   a	   fold	   change	   and	  significant	  alteration	  of	  metabolites	  were	  performed	  using	  SAM	  method	  implemented	  in	  MultiExperiment	  Viewer	  (MeV)	  software	  (version	  4.9.0)	  (Saeed	  et	  al.,	  2003);	  using	  an	  adjusted	  p	  value	  of	  0.05	  and	  a	  minimum	  fold-­‐change	  of	  1.3.	  	  The	  statistical	  analyses	  were	  performed	  from	  Dr.	  Christopher	  Bruhn	  (post-­‐doc,	  Foiani	  lab).	  	  
Single	  cell	  analysis	  Single	   cell	   analysis	   was	   performed	   using	   microfluidic	   chambers	   (CELLASIC),	   with	  cells	   growing	   at	   25°C	   in	   YPD	   medium.	   Time-­‐lapse	   movies	   were	   recorded	   using	  DeltaVision	  microscope	  with	  a	  camera	  (CoolSNAP	  HQ2;	  Photometrics)	  and	  a	  UPlan-­‐
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Apochromat	  60X	  (1.4	  NA)	  oil	  immersion	  objective	  lens	  (Olympus)	  
	  
Synthetic	  Genetic	  Array	  Screening	  SGA	  screening	  was	  performed	  as	  described	   in	   (Baryshnikova	  et	   al.,	   2010).	  The	  SGA	  methodology	   allows	   a	   large	   scale	   mapping	   of	   genetic	   interactions	   by	   systematic	  construction	   of	   triple	  mutants	   in	   our	   case.	   By	   using	   SGA	  methodology,	  we	   crossed	  
ymr1Δ	   inp53Δ	   (4	   replicas)	   and	   WT	   control	   (2	   replicas)	   query	   with	   ≈5000	   non-­‐essential	   genes,	   which	   were	   organized	   in	   an	   array.	   	   SGA	   screening	   requires	   the	  following	  steps:	  
1)	  SGA	  query	  strain	  construction	  
We	   constructed	   the	  Mat	   alpha	   double	  mutant	   ymr1Δ	   inp53Δ	  by	   transforming	   the	  PCR	  gene	  disruption	  product	   to	   the	  Y7092	  query	   strain	   (refer	   to	  Table	  3	  above	   for	  genotype).	   Y7092	   carries	   all	   the	   necessary	   markers	   for	   the	   SGA	   haploid	   selection	  after	  meiotic	  recombination.	  
2)	  Construction	  of	  384/768	  –	  density	  deletion	  mutant	  array	   (DMA)	  and	   triple	  
mutant	  construction	  
We	   organized	   the	   Mata	   deletion	   strain	   initially	   in	   a	   96	   well	   plate	   format	   in	   384	  mutant	   strain	   (DMA)	   on	   one	   YPD	   plate	   by	   automatic	   pinning	   using	   Singer	   RoToR	  bench	   top	   robot	   in	  a	   total	  of	  16	  plates.	  Then,	  we	  crossed	  ymr1Δ	   inp53Δ	  with	  384	  DMA	  by	  pinning	  ymr1Δ	  inp53Δ	  on	  top	  of	  DMA.	  After	  1	  day	  of	  growth	  on	  YPD,	  diploid	  selection	  was	  carried	  put	  by	  replicating	  arrays	  in	  plates	  containing	  selection	  markers.	  Then	  the	  arrays	  were	  condensed	  in	  a	  768	  format	  by	  replicating	  384DMA	  2	  times	  on	  the	  same	  plate.	  An	  example	  of	  a	  plate	  containing	  768	  mutants	  is	  shown	  in	  Fig.	  37.	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The	   diploid	   768	   DMA	   were	   then	   pinned	   in	   2	   independent	   replicas	   onto	   enriched	  sporulation	   medium.	   We	   performed	   the	   above	   procedure	   also	   for	   crossing	   WT	  control	  query	  with	  384DMA.	  Then	  the	  selections	  of	  Mata	  haploid	  heterozygote	  triple	  mutants	  (ymr1Δ	   inp53Δ	  x	  DMA)	  or	  single	  mutants	  (WT	  x	  DMA)	  were	  obtained	  by	  replicating	  the	  arrays	  on	  different	  plates	  containing	  the	  proper	  selection	  markers.	  	  
3)	  Triple	  mutant	  array	  image	  acquisition	  and	  quantification	  of	  colony	  size	  	  	  
The	   triple	   mutant	   array	   images	   were	   acquired	   by	   scanning	   the	   plates	   containing	  colonies	  of	  each	  mutant	  cells	  (Fig.	  36),	  while	  the	  quantification	  of	  the	  colony	  size	  was	  determined	  by	  using	  Colony	  Grid	  Analyzer	  (version	  1.1.7)	  as	  shown	  in	  (Collins	  et	  al.,	  2010)	  
	  
Figure	  37:	  Screening	  plate	  containing	  384	  deletion	  mutant	  arrays.	  In	   this	   figure,	   a	   screening	   plate	   of	   384	   mutant	   cells	   is	   shown.	   Each	   mutant	   is	  represented	   2	   times,	   for	   a	   total	   of	   768	   colonies	   on	   each	   plate.	   	   The	   blue	   square	  represents	  an	  individual	  mutant	  in	  two	  replicas.	  
4) Significant	  negative	  genetic	  interaction	  identification	  
X"mutant""
represented"in"replica"
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To	  define	  significant	  negative	  interactions	  between	  DMA	  mutants	  and	  ymr1Δ	  inp53
Δ,	   we	   used	   the	   two	   sigma	   distance	   of	   normalized	   average	   colony	   sizes;	   i.e.	   the	  average	  colony	  sizes	  of	  the	  (WT	  x	  DMA)	  and	  (ymr1Δ	  inp53Δ	  x	  DMA)	  crosses	  needed	  to	  be	  separated	  by	  at	  least	  two	  times	  their	  cumulative	  standard	  deviation.	  In	  addition,	  we	  excluded	  very	  mild	  negative	   interactions	  by	   filtering	   for	   candidates	  1)	   in	  which	  the	  DMA	  crossing	  reduced	  the	  ymr1Δ	  inp53Δ	  colony	  size	  by	  at	  least	  50%,	  and	  2)	  in	  which	  the	  normalized	  (ymr1Δ	  inp53Δ	  x	  DMA)	  colony	  size	  was	  at	  least	  33%	  smaller	  than	  the	  normalized	  (DMA	  x	  WT)	  colony	  size.	  We	  applied	   the	  same	  criteria	   to	   filter	  for	  negative	  interactions	  on	  SCD,	  YPD,	  and	  YPD	  +	  HU.	  We	  included	  the	  92	  DMA	  genes,	  which	   interact	   with	   ymr1Δ	   inp53Δ	   in	   at	   least	   one	  medium,	   in	   the	   candidate	   list.	  Moreover,	   we	   defined	   high-­‐confidence	   HU-­‐specific	   negative	   interactors	  	  of	  ymr1Δ	  inp53Δ	  by	  the	  following	  criteria:	  
1)	  The	  respective	  DMA	  mutant	  was	  not	  a	  negative	  ymr1Δ	  inp53Δ	  interactor	  on	  YPD	  	  or	  SCD.	  
2)	  The	  normalized	  colony	  size	  value	  of	  (ymr1Δ	  inp53Δ	  x	  DMA)	  on	  HU	  and	  YPD	  were	  	  separated	  by	  at	  least	  2-­‐sigma.	  3)	  HU	  reduced	  the	  normalized	  (ymr1Δ	  inp53Δ	  x	  DMA)	  colony	  size	  by	  at	  least	  33%	  (vs.YPD).	  4)	  On	  HU,	  the	  normalized	  colony	  size	  of	  (ymr1Δ	   inp53Δ	  x	  DMA)	  was	  at	   least	  33%	  	  smaller	  than	  the	  normalized	  colony	  size	  of	  (DMA	  x	  WT).	  These	   stringent	   definition	   criteria	   were	   used	   for	   the	   scatter	   plot	  	  visualization	  of	  HU-­‐specific	  interactors.	  The	  SGA	  screening	  was	  performed	  with	   the	  help	  of	  Dr.	  Chiara	  Lucca	  (staff	  scientist,	  Foiani	  lab).	  	  The	  statistical	  analyses	  were	  performed	  from	  Dr.	  Christopher	  Bruhn	  (post-­‐doc,	  Foiani	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Discussion 
1.1	  PtIns(3)P	  levels	  and	  amino	  acid	  homeostasis	  	  Phosphoinositides	   play	   an	   important	   role	   in	   cell	   signalling.	   In	   yeast,	   as	   well	   as	   in	  mammalian	   cells,	   PtIns(3)P	   are	   involved	   in	   endocytic	   vesicle	   trafficking	   to	   the	  lysosome	   and	   in	   the	   regulation	   of	   autophagy	   in	   response	   to	   nutrient	   starvation	  (Gillooly	   et	   al.,	   2000;	  Kihara	  et	   al.,	   2001).	   It	  has	  also	  been	   suggested	   that	  PtIns(3)P	  participate	   in	  amino	  acid	  signaling	  through	  mTORC1	  (Byfield	  et	  al.,	  2005;	  Nobukuni	  et	  al.,	  2005;	  Yoon	  et	  al.,	  2011).	  	  
In	  this	  study	  we	  found	  that	  specific	  AA	  imbalances	  in	  cell	  growth	  media	  are	  lethal	  to	  yeast	   cells,	   and	   intracellular	   PtdIns(3)P	   levels	   set	   the	   sensitivity	   threshold	   to	   AA	  levels.	   In	   particular,	   high	   PtdIns(3)P	   levels	   (as	   present	   in	   ymr1Δ	   	   inp53Δ	  mutants)	  increase	   cell	   sensitivity,	   while	   low	   PtdIns(3)P	   (as	   in	   the	   atg6Δ	   mutant)	   levels	   are	  protective.	  	  Amino	  acid	  imbalances	  are	  defined	  as	  changes	  in	  the	  relative	  ratios	  of	  specific	  amino	  acid	  concentrations	  compared	  to	  common	  cell	  growth	  media.	  However,	  cells	  are	  not	  generically	  sensitive	  to	  changes	  in	  relative	  AA	  concentration,	  but	  only	  to	  imbalances	  within	  specific	  AA	  groups	  (i.e.	  aromatic	  AAs,	  branched	  chain	  AAs).	  	  	  The	  mechanism	  by	  which	  PtdIns(3)P	  interacts	  with	  AA	  metabolism	  is	  still	  unknown,	  but	   in	   this	  study	  we	  excluded	   that	   it	   impacts	  on	   intracellular	  AA	  utilization.	   Indeed,	  cells	   that	   are	   sensitive	   to	   specific	   AA	   imbalances	   become	   resistant	   once	   they	   are	  genetically	  modified	  to	  acquire	  the	  ability	  to	  synthesize	  that	  AA.	  	  Based	  on	  our	  data,	  we	  speculate	   that	  PtdIns(3)P	  are	   involved	   in	  amino	  acid	  uptake	  from	   the	   external	   environment.	   In	   particular,	   the	   fact	   that	   cells	   are	   sensititive	   to	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imbalances	   within	   specific	   AA	   groups	   suggests	   a	   competition	   mechanism	   between	  AAs	  of	  the	  same	  group	  to	  be	  internalized.	  Different	   hypotheses	   can	   be	  made	   to	   explain	   how	   PtdIns(3)P	   levels	   could	   regulate	  intracellular	  AA	  transport:	  	  
Hypothesis	  1:	  PtdIns(3)P	  regulates	  AA	  transport	  through	  the	  plasma	  membrane.	  High	   PtdIns(3)P	   levels	   (ymr1Δ	   	   inp53Δ	   cells)	   may	   	   reduce	   the	   number	   of	   AA	  transporters,	  and	  consequently	  AA	  uptake,	  on	  the	  plasma	  membrane;	  on	  the	  contrary,	  low	  PtdIns(3)P	   levels	   (atg6Δ	  cells)	   	  may	  up-­‐regulate	  AA	  transporters	  exposure,	  and	  thus	  AA	  uptake	  (Fig.	  38)	  
	  
Figure	  38:	  PtdIns(3)P	  regulates	  	  amino	  acid	  transport	  	  at	  the	  plasma	  membrane	  Schematic	  representation	  of	  hypothesis	  1.	  ymr1Δ	  inp53Δ	  	  mutants	  may	  have	  reduce	  AA	  transporters	  at	  the	  plasma	  membrane	  compare	   to	  WT	  cells;	  while	  atg6Δ	  may	   increase	  AA	  transporter	  at	   the	  plasma	  membrane.	  	  In	  yeast	  cells,	  expression	  of	  genes	  of	  transporters	  like	  AGP1,	  BAP2,	  BAP3,	  GNP1,	  TAT2	  and	  TAT1	  is	  stimulated	  by	  extracellular	  AAs	  (Didion	  et	  al.,	  1998;	  Iraqui	  et	  al.,	  1999).	  Once	   produced	   and	   properly	   folded	   in	   the	   ER-­‐Golgi,	   AA	   transporters	   are	   then	  targeted	  to	  the	  plasma	  membrane	  through	  the	  secretory	  pathway	  (see	  Introduction,	  Chapter	   2,	   Paragraph	   2.1	   and	   2.2).	   Since	   the	   only	   existing	   phosphatidylinositol	   3	  kinase,	   Vps34,	   has	   not	   been	   found	   in	   screens	   searching	   for	   genes	   involved	   in	   the	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secretory	   pathway	   (Novick	   et	   al.,	   1980),	   it	   is	   highly	   unlikely	   that	   PtdIns(3)P	   levels	  may	  regulate	  AA	  transporter	  exposure	  through	  the	  secretory	  pathway.	  Instead,	   under	   nutrient	   stimuli,	   AA	   transporters	   are	   ubiquitinated	   at	   the	   plasma	  membrane	  by	  the	  Rsp5/Bul1/Bul2	  complex,	  and	  consequently	   internalised	  to	  reach	  endosomes	  (MacGurn	  et	  al.,	  2011).	  Once	  in	  endosomes,	  AA	  transporters	  can	  be	  sorted	  to	   the	   vacuole	   to	   be	   degraded;	   alternatively,	   they	   can	   either	   reach	   the	   Golgi	   to	   be	  subsequently	  re-­‐directed	  to	  the	  plasma	  membrane,	  or	  directly	  recycled	  to	  the	  plasma	  membrane	  through	  endosomes.	  	  PtdIns(3)P	  localized	  at	  the	  endosome	  membrane	  can	  recruit	  proteins	  such	  as	  Vps27	  and	  Hes1,	  which	  bind	  to	  ubiquitinated	  cargos	  (including	  AA	  transporters)	  and	  their	  internalization	  into	  endosomes.	  The	  cargos	  are	  finally	  delivered	  to	  the	  vacuole	  to	  be	  degraded.	  An	   increase	  of	  PtdIns(3)P	   (ymr1Δ	   	   inp53Δ)	   in	   endosomes	  may	   	   stimulate	  degradation	   of	   ubiquitinated	   AA	   transporters	   in	   the	   vacuole,	   while	   a	   decrease	   of	  PtdIns(3)P	  (atg6Δ)	  may	  inhibit	  AA	  transporter	  degradation	  and	  favour	  their	  recycling	  to	   to	   the	   plasma	  membrane.	   If	   this	  mechanism	   is	   true,	   deletion	   of	   VPS27	   or	   HSE1	  should	  produce	  a	  phenotype	  similar	  to	  ATG6	  deletion	  (Fig.	  39).	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Figure	  39:	  PtdIns(3)P	  levels	  affect	  sorting	  of	  the	  amino	  acid	  transporters	  at	  the	  endosomes	  At	  the	  plasma	  membrane	  AA	  transporter	  (black	  rectangles)	  are	  ubiqutinated	  (ub)	  by	  Rsp5/Bul1/Bul2	  complex.	   Then	   the	   ubiqutinated	   cargo	   are	   transported	   to	   the	   endosomes	   were	   some	   of	   them	   are	  internalized	   in	  vesicles	  and	   then	  degraded	   to	   the	  vacuole	   (yellow	  circle),	  other	   recycle	  back	   (orange	  arrow)	   to	   the	   plasma	   membrane.	   The	   internalization	   of	   ubiqutinated	   AA	   transporters	   is	   mediated	  through	   PtIns(3)P	   (green	   P)	   and	   Vps27.	   	   ymr1Δ	   inp53Δ	   	  mutants	   that	   have	   high	   PtIns(3)P	   increase	  internalization	   of	   ubiqutinated	   AA	   transporters	   at	   the	   endosomes.	   In	   this	   way	   few	   transporter	   will	  recycle	  back	  to	  the	  plasma	  membrane.	  While	  in	  atg6Δ	  cells	  that	  have	  low	  PtIns(3)P,	  the	  internalization	  of	  AA	  transporters	  at	  the	  endosome	  is	  inhibited.	  WT	  cells	  present	  an	  intermediates	  phenotype.	  
	  	  
	  
	  
Hypothesis	  2:	  PtdIns(3)P	  regulates	  AA	  transport	  through	  the	  vacuole	  	  As	  described	  in	  the	  Introduction,	  proteins	  that	  are	  destined	  to	  the	  vacuole	  membrane,	  including	  vacuole	  AA	  transporters,	  are	   transported	  by	  endosomes	   from	  the	  Golgi	   to	  the	   vacuole	   membrane.	   During	   endosome	   trafficking,	   and	   until	   they	   reach	   the	  vacuole,	  these	  proteins	  are	  transported	  as	  part	  of	  the	  endosome	  membrane.	  Once	  the	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endosome	  membranes	  fuses	  with	  those	  of	  the	  vacuole,	  AA	  transporters	  become	  part	  of	  the	  vacuole	  membrane	  (see	  introduction	  chapter2,	  section	  2.3.2	  and	  2.4)	  	  The	  yeast	  vacuole	  has	  been	  suggested	  to	  serve	  as	  storage	  for	  nutrient.	  In	  S.	  cerevisiae,	  different	  AAs,	  in	  particular	  basic	  AAs	  (Ar,	  Lys,	  His,	  Phe,	  Trp,	  Tyr,	  Gln,	  Asn,	  Ile	  and	  Leu),	  are	   concentrated	   in	   the	   vacuole,	   while	   AAs	   such	   as	   glutamate	   and	   aspartate	   are	  usually	  localized	  in	  the	  cytosol	  (Sekito	  et	  al.,	  2008;	  Wiemken	  and	  Durr,	  1974).	  It	  has	  also	   been	   suggested	   that	   a	   dynamic	   compartmentalization	   of	   AAs	   in	   the	   vacuole	  serves	  to	  maintain	  the	  proper	  AAs	  cytosolic	  levels	  (Kitamoto	  et	  al.,	  1988)	  PtdIns(3)P	   plays	   a	   role	   in	   the	   fusion	   of	   the	   endosome	  membrane	  with	   the	   vacuole	  membrane,	   as	   demonstrated	   by	   the	   presence	   of	   a	   fragmented	   vacuole	   in	   ymr1Δ	  
inp53Δ	   cells	   (Parrish	   et	   al.,	   2004).	   One	   possibility	   is	   that	   high	   PtdIns(3)P	   levels	  (ymr1Δ	   inp53Δ)	   inhibit	   the	   transport	   of	   vacuole	   AA	   transporters	   to	   the	   vacuole	  membrane.	   According	   to	   this	   model,	   ymr1Δ	   inp53Δ	   mutants	   will	   have	   one	   small	  vacuole	   with	   less	   AA	   transporters,	   while	   atg6Δ	   vacuole	   will	   be	   enriched	   with	   AA	  transporters.	   In	   atg6Δ	   cells,	   increased	   vacuole	   AA	   transporters	   may	   favour	   the	  movement	  of	  Trp	   from	  the	  vacuole	   to	   the	  cytosol,	  where	   it	   is	   required	   for	  essential	  biochemical	   processes	   (e.g.	   protein	   synthesis	   etc.	   etc.);	   on	   the	   other	   hand,	   ymr1Δ	  
inp53Δ	   mutants	   may	   not	   be	   able	   to	   made	   Trp	   that	   is	   contained	   in	   the	   vacuole	  bioavailable	  in	  the	  cytoplasm	  (Fig.40).	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Figure	  40:	  PtdIns(3)P	  regulates	  amino	  acid	  transport	  through	  the	  vacuole	  	  Schematic	   representation	   of	   hypothesis	   2.	   ymr1Δ	   inp53Δ	  mutants	   have	   fragmented	   vacuole.	   As	   a	  conseguence	   this	   mutant	   have	   small	   vacuoles	   with	   few	   AA	   transporter	   on	   the	   vacuole	   membrane.	  While	   atg6Δ	   cells	  may	   have	   a	   big	   vacuole	   with	   increase	   number	   of	   AA	   transporters	   to	   the	   vacuole	  membrane.	  WT	  cells	  present	  an	  intermediates	  situation.	  	  	  	  In	  order	  to	  distinguish	  between	  Hypothesis1	  and	  Hypothesis2,	  we	  plan	  to	  perform	  an	  AA	  uptake	  assay,	   looking	   for	  different	  AA	  uptake	   in	  yeast	  mutants	  with	  diferent	  PtdIns(3)P	  levels.	  In	  particular,	  we	  will	  measure	  the	  uptake	  of	  radiolabeled	  Trp	  (14C-­‐Trp)	   in	  WT,	  atg6Δ	  and	  ymr1Δ	  inp53Δ	  mutants	   in	  the	  absence	  and	  in	  the	  presence	  of	  aromatic	   AA	   imbalance	   as	   described	   in	   Chapter	   2,	   Section	   2.7	   of	   Results.	   If	  
Hypothesis	   1	   is	   correct,	  we	  expect	   that	   14C-­‐Trp	   internalization	   through	   the	  plasma	  membrane,	   and	   therefore	   its	   intracellular	   concentration,	   will	   reduced	   in	   cells	   with	  higher	   PtdIns(3)P	   levels	   (ymr1Δ	   inp53Δ	   mutants),	   while	   it	   should	   be	   increased	   in	  
atg6Δ	   mutants.	   If	   this	   is	   the	   case,	   we	   will	   then	   directly	   quantify	   fluorescent	   AA	  transporters	  on	  the	  plasma	  membrane	  of	  the	  different	  mutants	  to	  definitively	  confirm	  this	  hypothesis.	  	  On	   the	   other	   hand,	   the	   lack	   of	   an	   increased	   14C-­‐Trp	   uptake	   by	   atg6Δ	   compared	   to	  
ymr1Δ	  inp53Δ	  cells	  would	  be	  incompatible	  with	  Hypothesis	  1,	  but	  would	  not	  exclude	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Hypothesis	  2.	  To	  test	  the	  hypothesis	  that	  PtdIns(3)P	  impacts	  on	  the	  exposure	  of	  AA	  transporters	  on	  the	  vacuole	  membrane,	  we	  will	  measure	  the	  accumulation	  of	  14C-­‐Trp	  into	   vacuoles	   of	   WT,	   atg6Δ	   and	   ymr1Δ	   inp53Δ	   cells;	   we	   will	   then	   extract	   only	   the	  vacuoles	  from	  cells	  (as	  described	  by	  (Wiederhold	  et	  al.,	  2009)),	  and	  we	  will	  measure	  radioactivity	  that	  is	  selectively	  present	  in	  the	  vacuole.	  According	  to	  Hypothesis	  2,	  we	  expect	   14C-­‐Trp-­‐deriving	   radioactivity	   to	   be	   less	   strong	   in	   the	   vacuole,	   and	  consequently	   higher	   in	   the	   cytoplasm,	   of	  atg6Δ	   compared	   to	   ymr1Δ	   inp53Δ	   cells.	   If	  this	   is	   the	   case,	   we	   will	   then	   directly	   quantify	   the	   exposure	   of	   fluorescent	   AA	  transporters	   on	   the	   vacuole	   membrane	   of	   the	   different	   mutants	   to	   definitively	  confirm	  this	  hypothesis.	  	  	  
	  
1.2	  Possible	  connections	  between	  HU	  and	  PtdIns(3)P	  
levels	  In	   this	   study	  we	   found	   that	   PtdIns(3)P	   levels	   affect	   cell	   survival	   under	   replication	  stress	   conditions	   induced	   by	   HU	   and	   MMS.	   In	   particular	   cells	   with	   high	   levels	   of	  PtdIns(3)P	   (ymr1Δ	   inp53Δ)	   are	   sensitive	   to	   replication	   stress,	   while	   reducing	  PtdIns(3)P	   levels	   with	   ATG6	   deletion	   suppresses	   this	   sensitivity.	   	   Moreover,	   HU	  treatment	   synergizes	  with	  AA	   imbalance	   to	   sensitize	  mutants	  with	   high	  PtdIns(3)P	  (ymr1Δ	  inp53Δ).	  The	   mechanisms	   by	   which	   PtdIns(3)P	   levels	   affect	   cell	   survival	   during	   replication	  stress	   are	   still	   unclear,	   but	   they	   do	   not	   involve	   autophagy	   nor	   the	   canonical	  replication	  stress	  checkpoint.	  We	  believe	  that	  three	  alternative	  hypotheses	  are	  worth	  being	  discussed	  in	  this	  respect.	  
Hypothesis	  1:	  Replication	  stress	  affects	  PtdIns(3)P	  levels	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HU	   and	   other	   replication	   stress	   inducers	   could	   directly	   or	   indirectly	   up-­‐regulate	  PtdIns(3)P	  levels,	  thus	  increasing	  cell	  sensitivity	  to	  AA	  imbalance	  as	  discussed	  in	  the	  previous	  section.	  	  This	   hypothesis	   is	   supported	   by	   our	   metabolom	   analysis,	   which	   revealed	   that	   HU	  affects	   AA	  metabolism	   similarly	   to	   YMR1	   and	   INP53	   deletion,	   which	   are	   known	   to	  regulate	  PtdIns(3)P	   levels.	  HU	  may	   increase	  PtdIns(3)P	   levels	   through	  activation	  of	  Vps34-­‐Vps15-­‐Atg6	  complex	  or	  by	  inactivation	  of	  PtdIns(3)P	  phosphatases.	  	  In	   support	   to	   this	  hypothesis	  are	  data	   from	  a	   recently	  published	  study	   (Zhou	  et	  al.,	  2016),	  which	  performed	  a	  phospho-­‐proteomic	  screening	  and	  showed	  that	  Inp52	  and	  Inp53	  are	  phosphorylated	  by	  DNA	  replication	  checkpoint	  proteins.	  Since	  replication	  stress	   leads	   to	   activation	   of	   the	   Rad53	   checkpoint,	   HU	   and	   MMS	   could	   increase	  intracellular	  PtdIns(3)P	   levels;	   in	  particular,	  ymr1Δ	  inp53Δ	  mutant,	   in	  which	   two	  of	  the	   three	   PtdIns(3)P	   phosphatases	   have	   been	   inactivated,	   could	   be	   especially	  sensitive	  to	  HU-­‐induced	  inactivation	  of	  the	  third	  phosphatase,	  namely	  Inp52.	  Another	  study	  supporting	  Hypothesis	  1	   (Tkach	  et	  al.,	  2012)	  showed	  that,	  under	  HU	  and	   MMS	   treatment,	   the	   AA	   transporter	   Dip5,	   which	   is	   responsible	   for	   the	  internalization	  of	  Gln,	  Asp,	  Ser,	  Ala	  and	  Gly,	  relocalizes	  from	  the	  plasma	  membrane	  to	  the	  vacuole.	  In	  our	  study,	  we	  produced	  a	  GFP-­‐tagged	  form	  of	  the	  aromatic	  AA	  TAT2	  to	  look	   at	   its	   localization	   in	   different	  mutants	   and	   treatment	   conditions.	  However,	  we	  found	   C-­‐terminal	   GFP	   tagging	   of	   TAT2	   affects	   its	   function	   even	   in	   untreated	  conditions	  (data	  not	  shown),	  thus	  precluding	  its	  use	  for	  further	  investigations.	  We	  are	  currently	  constructing	  a	  N-­‐terminal	  GFP	  tagging	  of	  TAT2;	   in	  future	  experiments,	  we	  will	  study	  its	  eventual	  localization	  changes	  during	  replication	  stress.	  	  	  To	   directly	   test	   Hypothesis	   1,	   we	   plan	   to	   measure	   the	   intracellular	   levels	   of	  PtdIns(3)P	   in	  WT	  and	  ymr1Δ	  inp53Δ	  and	  atg6Δ	  cells	  grown	  in	  the	  absence	  or	   in	  the	  presence	  of	  	  HU.	  We	  expect	  that,	  compared	  to	  the	  untreated	  condition,	  HU	  treatment	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causes	  a	  significant	  increase	  of	  PtdIns(3)P	  levels	  in	  both	  mutants.	  On	  the	  contrary,	  we	  do	   not	   expect	   a	   significant	   difference	   of	   intracellular	   PtdIns(3)levels	   between	   HU-­‐treated	   and	   HU-­‐untreated	   atg6Δ	  mutants.	   Indeed,	   similar	   to	   the	   case	   of	   the	   ymr1Δ	  
inp53Δ	  atg6	  Δ	  mutant,	  deleting	  a	  crucial	  subunity	  of	  the	  Vps34-­‐Atg6	  kinase	  complex	  should	  not	  affect	  PtdIns(3)P	  is	  the	  phosphatase	  genes	  (YMR1	  INP53)	  are	  deleted,	  or	  if	  the	  phosphatases	  are	  directly	  inhibited	  by	  replication	  stress	  activation.	  	  
Hypothesis	   2:	   Replication	   stress	   affects	   AA	   availability	   independently	   from	  
PtdIns(3)P	  levels.	  Both	  HU	  and	  MMS	  strongly	  repress	  the	  transcription	  of	  tRNA	  genes	  by	  activating	  the	  transcriptional	   repressor	  Maf1	   (Nguyen	   et	   al.,	   2010).	   In	   cells	  with	   high	   PtdIns(3)P	  levels,	   protein	   translation	   is	   likely	   defective	   as	   a	   consequence	   of	   reduced	   AA	  availability.	   HU-­‐induced	   tRNA	   repression	   could	   further	   inhibit	   general	   protein	  translation,	  thus	  synergizing	  with	  high	  PtdIns(3)P	  levels	  to	  cause	  cell	  death.	  	  As	   a	   consequence	   of	   Hypothesis	   2,	   the	   highly	   lethal	   effect	   of	   HU	   in	   ymr1Δ	   inp53Δ	  mutants	  could	  be	  due	  to	  a	  complete	  arrest	  of	  protein	  synthesis	  as	  a	  consequence	  of	  reduced	  AA	  uptake	  and	  the	  direct	  inhibition	  of	  protein	  translation.	  	  If	   Hypothesis	   2	   is	   correct,	   then	   deleting	  MAF1	   should	   rescue	   the	   HU	   sensitivity	   of	  
ymr1Δ	   inp53Δ	   mutants.	   Moreover,	   the	   protein	   translation	   inhibitor	   cyclohexamide	  should	  sensitize	  ymr1Δ	  inp53Δ	  cells	  similarly	  to	  HU	  treatment,	  while	  atg6Δ	  and	  ymr1Δ	  
inp53Δ	  atg6Δ	  mutants	  should	  be	  resistant.	  	  These	  experiments	  will	  be	  performed	  in	  the	  next	  future.	  
	  
Hypothesis	  3:	  PtdIns(3)P	  stimulates	  HU	  internalization	  PtdIns(3)P	   could	   directly	   or	   indirectly	   stimulate	  HU	   and/or	  MMS	   internalization	   in	  cells.	  In	  this	  case,	  the	  explanation	  for	  the	  HU-­‐sensitivity	  of	  ymr1Δ	  inp53Δ	  mutants	  and	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the	   resistance	   of	   atg6Δ	   cells	   would	   be	   quite	   trivial,	   and	   due	   exclusively	   to	   an	  increased	  or	  reduced	  exposure	  to	  replication	  stress-­‐inducing	  drugs.	  	  If	  Hypothesis	  3	  was	  correct,	  we	  would	  expect	  an	  increased	  replication	  stress	  response	  in	   ymr1Δ	   inp53Δ	  mutants.	   However,	   in	   our	   experiments	  we	   excluded	   a	   differential	  activation	  of	  the	  replication	  stress	  checkpoint,	  as	  measured	  by	  the	  phosphorylation	  of	  Rad53,	  between	  WT,	  ymr1Δ	  inp53Δ	  and	  atg6Δ	  cells.	  Moreover,	   the	  fact	  that	  mutants	  with	   high	  PtdIns(3)P	   levels	   are	   sensitive	   to	  HU	  only	   in	   conditions	   of	  AA	   imbalance	  further	  contributes	  to	  make	  Hypothesis	  3	  highly	  unlikely.	  	  	  
	  1.3	  GAAC	  and	  PtdIns(3)P	  pathway.	  In	  this	  study,	  we	  found	  that	  Gcn2	  activity	  (measured	  through	  phospho-­‐eIF2α	  levels)	  and	  Gcn4	  protein	  levels	  are	  up-­‐regulated	  in	  cells	  with	  high	  PtdIns(3)P	  levels	  (ymr1Δ	  
inp53Δ)	  and	  down-­‐regulated	  in	  mutants	  with	  low	  PtdIns(3)P	  (atg6Δ).	  	  According	   to	   the	  model	   of	   PtdIns(3)P-­‐controlled	   AA	   uptake,	   these	   findings	   are	   not	  surprising.	  Indeed,	  the	  GCN2/GCN4	  pathway	  physiologically	  senses	  AA	  starvation	  and	  responds	   to	   it	  by	  activating	  a	  series	  of	  compensatory	  mechanisms	   that	   facilitate	  AA	  uptake	  and	  biosynthesis.	  As	  a	  consequence,	  PtdIns(3)P-­‐induced	  starvation	  of	  one	  or	  more	   AAs	   can	   lead	   to	   GAAC	   pathway	   activation,	   thus	   explaining	   why	   the	   GAAC	  pathway	  is	  hyperactive	  in	  ymr1Δ	  inp53Δ	  cells,	  and	  less	  active	  in	  atg6Δ	  mutants.	  The	  GAAC	  pathway	  would	  therefore	  be	  positioned	  downstream	  of	  PtdIns(3)P,	  with	  a	  possible	   role	   in	   compensating	   for	  PtdIns(3)P-­‐induced	  AA	   imbalances.	  We	   therefore	  expected	   that	   impairing	   GCN2/GCN4	   pathway	   would	   aggravate	   the	   effects	   of	   AA	  imbalances	  on	  cell	  viability.	  However,	   we	   surprisingly	   found	   that	   inhibition	   of	   GAAC	   pathway	   rescues	   the	   HU	  sensitivity	   of	   ymr1Δ	   inp53Δ	  mutants	   and	   increases	   the	   HU	   resistance	   of	   WT	   cells	  similarly	  to	  atg6Δ	  cells.	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We	  can	  envision	  two	  mechanisms	  to	  explain	  these	  apparently	  contradictory	  results:	  	  
1)	  According	   to	  our	  model,	   combining	  HU	  with	   extracellular	  AA	   imbalance	   reduces	  intracellular	   Trp	   concentration,	   as	   explained	   section	   1.2.	   Insufficient	   Trp	   uptake	   is	  sensed	  by	  the	  GCN2/CGN4	  pathway,	  which	  could	  consequently	  down-­‐regulate	  uptake	  mechanisms	  while	   boosting	   AA	   de	  novo	   biosynthesis	   from	   glucose	   and	   ammonium	  (Natarajan	  et	  al.,	  2001).	  	  However,	   this	   homeostatic	   response,	   which	   is	   primarily	   aimed	   at	   increasing	   the	  synthesis	  of	  the	  defective	  AA(s)	  (e.g.	  Trp),	  is	  useless	  for	  mutants	  that	  lack	  an	  essential	  gene	   in	  the	  Trp	  synthesis	  pathway	  (auxotrophic	  mutants).	  Not	  only	   is	   this	  response	  useless,	   but	   it	   can	   be	   detrimental,	   because	   GAAC-­‐induced	   inhibition	   of	   AA	   uptake	  further	  aggravates	  cell	  starvation	  for	  Trp.	  Inhibiting	  the	  GCN2/GCN4	  pathway	  could	  rescue	   this	   phenotype	   by	   partially	   restoring	   Trp	   uptake	   from	   the	   extracellular	  environment.	  We	   exclude	   that	   GCN2/GCN4	   deletion	   may	   increase	   AA	   uptake	   by	   increasing	  autophagy,	   since	   autophagy	   that	   is	   activated	   under	   AA	   deprivation	   requires	  GCN2/GCN4	  (Ecker	  et	  al.,	  2010).	  	  
2)	   GAAC	   activation	   in	   response	   to	   high	   PtdIns(3)	   levels	   may	   further	   reduce	   tRNA	  levels	   trough	  Maf1	   regulation;	   this	   could	   prove	   especially	   lethal	   to	   cells	   with	   high	  PtdIns(3)P,	  which	  are	  starved	  for	  AA,	  as	  described	  in	  the	  Hypothesis	  2	  of	  section	  1.2	  of	   the	   Discussion,	   Although	   it	   is	   known	   that	   Maf1	   is	   regulated	   by	   nutritional	  pathways,	   such	   us	   the	   TORC1	   and	   PKA	   pathways,	   in	   response	   to	   changing	  extracellular	  nutrients	  (Boguta	  and	  Graczyk,	  2011),	  there	  are	  no	  published	  data	  in	  the	  literature	   to	   support	   a	   direct	   connection	   between	  Maf1	   and	   the	  GAAC	  pathway.	   To	  test	   this	   hypothesis,	   it	   will	   be	   sufficient	   to	   look	   at	   Maf1	   total	   levels	   and	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phosphorylation	   state	   in	  WT	   and	  gcn2Δ/	  gcn4Δ	  mutants	   under	  HU	   treatment,	  with	  the	   expectation	   that	   GCN2/GCN4	   deletion	   should	   increase	   the	   inhibitory	  phosphorylation	  of	  Maf1.	  	  	  
1.4	  TORC1	  interaction	  with	  the	  PtIns(3)P	  pathway	  In	  our	  genetic	  screening	  (Table	  1	  and	  2),	  deletion	  of	  YMR1	  and	  INP53	  phosphatases,	  combined	  with	   the	   deletion	   of	   the	  TCO89	   that	   encodes	   a	   TORC1	   subunit,	   caused	   a	  synthetic	  sick	  phenotype.	  These	  data	  suggest	  an	  interaction	  between	  PtdIns(3)P	  	  and	  TORC1.	   However,	   TORC1	   pathway	   activation	   (phosphorylation	   levels	   of	   Sch9	   and	  Npr1)	  was	  not	  affected	  in	  different	  PtdIns(3)P	  	  mutants	  during	  HU	  treatment.	  Both	  in	  yeast	   and	   mammalian	   cells,	   branched	   chain	   amino	   acids	   (BCAAs)	   in	   particular	  Leucine,	   regulate	   TORC1	   pathway	   activation	   (Bonfils	   et	   al.,	   2012;	   Han	   et	   al.,	   2012;	  Kingsbury	   et	   al.,	   2015).	   For	   this	   reason,	   we	   plan	   to	   investigate	   TORC1	   activation	  under	   BCAA	   imbalance	   in	   PtdIns(3)P	   	   mutants	   	   (condition	   as	   shown	   in	   Chapter	   2	  results,	  paragraph	  2.10	  and	  2.11;	  figure	  23	  and	  24	  respectively).	  	  	  
1.5	  Working	  models	  Summarizing	   our	   data,	   we	   propose	   two	   distinct	   working	   models	   to	   explain	   our	  results,	  as	  schematically	  represented	   in	  (Fig.	   41).	  According	   to	  Model	  1,	   replication	  stress	   could	   stimulate	   activation	   of	   Vps34-­‐Atg6	   complex	   or	   inhibit	   PtdIns(3)P-­‐phosphatase	  Inp52.	  An	  increase	  in	  PtdIns(3)	  may	  inhibit	  AA	  uptake	  which	  are	  needed	  for	   cell	   viability.	   A	   decrease	   in	   intracellular	  AAs	  would	   activate	  Gcn2/Gcn4	   (GAAC)	  pathway,	  which	  may	  be	  lethal	  to	  mutant	  cell	  auxotrophic	  for	  that	  AAs.	  	  According	   to	  Model2,	   replication	   stress	   induced	   by	  HU	   represses	   tRNAs,	  which	   are	  also	   inhibited	   by	   the	   Gcn2/Gcn4	   pathway.	   Cells	   with	   high	   PtdIns(3)	   levels,	   which	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hyperactivate	  Gcn2/Gcn4	  pathway	  because	  starved	  for	  AAs,	  would	  therefore	  further	  decrease	  total	  tRNA	  levels	  in	  cells,	  thus	  causing	  cell	  death.	  	  	  
	  
Figure	  41:	  Working	  models	  The	  model	  is	  fully	  explained	  and	  discussed	  in	  the	  above	  text.	  Blue	  arrow	  indicates	  that	  is	  an	  activator	  process,	  while	  red	  arrow	  indicate	  that	  is	  an	  inhibitory	  process.	  	  
	  
	  
1.6	  Possible	  relevance	  of	  our	  work	  to	  cancer	  	  Wild-­‐type	  yeast	   cells	  are	  able	   to	   synthetize	  all	   the	  20	  AA	  starting	   from	  glucose	  and	  ammonia,	  thus	  being	  independent	  from	  the	  external	  supply	  of	  specific	  AAs.	  Since	  our	  experiments	   suggest	   that	   PtdIns(3)P	   affects	   AA	   internalization	   inside	   cells,	  PtdIns(3)P	  pathway	  should	  be	  inessential	  in	  prototroph	  yeast	  cells.	  The	   situation	   is	   quite	   different	   in	   human	   cells,	   both	   normal	   and	   neoplastic	   ones.	  Indeed,	  human	  cells	  can	  synthesize	  only	  some	  AAs,	  known	  as	  nonessential	  ones,	  while	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they	  rely	  on	  external	  supply	  of	  the	  remaining	  ones,	  which	  are	  consequently	  known	  as	  essential	  AAs.	  In	  particular,	  many	  tumor	  cells	  are	  especially	  avid	  of	  extracellular	  AA	  to	  sustain	   protein	   ad	   nucleotide	   synthesis,	   anabolic	   processes	   as	   well	   as	   other	  intracellular	   processes,	   including	   fatty	   acid	   and	   cholesterol	   de	   novo	   synthesis.	  Increased	   AA	   uptake	   by	   cancer	   cells	   is	   accomplished	   through	   up-­‐regulation	   of	   AA	  transporter	  expression,	  as	  well	  as	  enzymes	  involved	  in	  AA	  metabolism.	  For	  example,	  many	   neoplastic	   cells,	   including	   non-­‐small	   cell	   lung	   cancer	   and	   breast	   cancer	   cells,	  increase	   the	   exposure	   of	   the	   glutamine	   and	   methionine	   transporters	   on	   their	  plasmatic	  membrane,	  while	  other	   tumors	   increase	   the	  expression	  of	   gutamine-­‐	   and	  serine-­‐metabolizing	   enzymes	   (Cavuoto	   and	   Fenech,	   2012;	   Hassanein	   et	   al.,	   2013;	  Possemato	  et	  al.,	  2011;	  Qing	  et	  al.,	  2012;	  Yuneva	  et	  al.,	  2007).	  	  If	  the	  role	  of	  PtdIns(3)P	  in	  regulating	  AA	  uptake	  in	  conserved	  among	  species,	  human	  cells,	   and	   in	   particular	   cancer	   cells,	   	   could	   be	   highly	   sensitive	   to	   intracellular	  PtdIns(3)P	  levels,	  which	  could	  affect	  the	  internalization	  of	  several	  essential	  AAs.	  The	  effect	  of	  high	  PtdIns(3)P	   levels	   could	  be	  especially	   toxic	   to	   cancer	   cells,	  which,	   as	  a	  consequence	  of	  their	  unrestrained	  growth	  and	  proliferation,	  rely	  on	  an	  increased	  AA	  uptake	  and	  utilization.	  Beclin1,	   the	   human	   orthologous	   of	   Atg6	   in	   yeast,	   is	   mono-­‐allelically	   deleted	   in	  different	  sporadic	  breast	  and	  ovarian	  cancers.	  Restoring	  Beclin1	  expression	  in	  human	  MCF7	   breast	   carcinoma	   cells	   (which	   express	   low	   amount	   of	   endogenous	   Beclin1)	  inhibits	   cell	   proliferation	   and	   reduces	   the	   tumor	   formation	   in	   MCF7-­‐injected	   mice	  (Liang	  et	  al.,	  1999).	  Moreover,	  mice	  that	  are	  heterozygous	  for	  Beclin	  1	  are	  more	  prone	  to	   develop	   lung	   and	   liver	   carcinomas,	   as	   well	   as	   lymphomas	   and	   mammary	  hyperplasia	   (Qu	   et	   al.,	   2003;	   Yue	   et	   al.,	   2003).	   In	   most	   published	   studies,	   the	  involvement	  of	  Beclin	  1	  as	  a	  potential	  tumor	  suppressor	  gene	  has	  been	  linked	  to	  its	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role	  in	  autophagy,	  even	  if	  other	  autophagy	  genes	  produce	  phenotypes	  different	  from	  Beclin	  1.	  In	  the	   light	  of	  our	  results,	  which	  suggest	  the	   involvement	  of	  Atg6	   in	  AA	  metabolism	  independently	   from	   autophagy,	   we	   can	   propose	   a	   different	   model	   for	   Beclin	   1	   in	  cancer	  cell	  metabolism.	   	  Actually,	  Beclin	  1	  inactivation	  could	  stimulate	  AA	  transport	  into	   cancer	   cells,	   thus	   sustaining	   their	   unrestrained	   growth,	   and	   protecting	   them	  from	  starvation.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
	   156	  
Acknowledgments 
	  	  	  I	   am	  very	   grateful	   to	  my	   supervisor	  Marco	  Foiani	   for	   giving	  me	   the	   opportunity	   to	  work	  in	  this	  project	  and	  the	  freedom	  to	  execute	  it.	  	  I	  would	   like	   to	   acknowledge	  with	   gratitude	  Associazione	   Italiana	  per	   la	  Ricerca	   sul	  Cancro	  (AIRC)	  that	  supported	  the	  project.	  I	   would	   like	   to	   thank	   Ghadeer	   Shubassi,	   Christopher	   Bruhn,	   Chiara	   Lucca,	   Pawan	  Singh,	  Sophie	  Gay	  and	  Elena	  Chiroli	  for	  the	  help	  with	  experiments	  and	  discussion	  and	  all	  the	  Foiani	  research	  group	  members	  for	  everyday	  life	  in	  lab.	  	  Nje	   falenderim	   I	   vecant	   per	   familjen	   time	   mami,	   babi	   dhe	   motrat	   e	   mija	   Albana,	  Adriana	  dhe	  Silvana	  qe	  me	  shume	  mundime	  kane	  bere	  te	  mundur	  studimin	  tim.	  	  	  Un	   ringraziamento	   con	   cuore	   per	  Giancarlo	  Meloni	   che	  mi	   ha	   insegnato	   tanto	   sulla	  verita	  non	  solo	  nella	  scienza	  ma	  anche	  nella	  vita	   in	  generale;	  e	  che	  ha	   fatto	   il	  papa‘	  non	  solo	  nei	  momenti	  in	  cui	  ho	  avuto	  bisogno.	  Un	  ringraziamento	  a	  Claudio	  Vernieri	  che	  ogni	  giorno	  mi	  da	  coraggio	  e	  mi	  tiene	  per	  la	  mano	  ad	  andare	  avanti	  nella	  vita.	  	  
This	  thesis	  is	  dedicated	  to	  Giancarlo	  Meloni	  and	  to	  all	  Marxists	  that	  
work	  for	  a	  better	  world.	  
	  
	  
	   157	  
 
References 
	  
Ahmad,	   M.,	   and	   Bussey,	   H.	   (1986).	   Yeast	   arginine	   permease:	   nucleotide	  
sequence	  of	  the	  CAN1	  gene.	  Current	  genetics	  10,	  587-­‐592.	  
Aita,	  V.M.,	  Liang,	  X.H.,	  Murty,	  V.V.,	  Pincus,	  D.L.,	  Yu,	  W.,	  Cayanis,	  E.,	  Kalachikov,	  S.,	  
Gilliam,	  T.C.,	  and	  Levine,	  B.	  (1999).	  Cloning	  and	  genomic	  organization	  of	  beclin	  
1,	  a	  candidate	  tumor	  suppressor	  gene	  on	  chromosome	  17q21.	  Genomics	  59,	  59-­‐
65.	  
Alcasabas,	  A.A.,	  Osborn,	  A.J.,	  Bachant,	  J.,	  Hu,	  F.,	  Werler,	  P.J.,	  Bousset,	  K.,	  Furuya,	  
K.,	   Diffley,	   J.F.,	   Carr,	   A.M.,	   and	   Elledge,	   S.J.	   (2001).	  Mrc1	   transduces	   signals	   of	  
DNA	  replication	  stress	  to	  activate	  Rad53.	  Nature	  cell	  biology	  3,	  958-­‐965.	  
Alzu,	  A.,	  Bermejo,	  R.,	  Begnis,	  M.,	  Lucca,	  C.,	  Piccini,	  D.,	  Carotenuto,	  W.,	  Saponaro,	  
M.,	   Brambati,	   A.,	   Cocito,	   A.,	   Foiani,	  M.,	  et	  al.	   (2012).	   Senataxin	   associates	  with	  
replication	   forks	   to	   protect	   fork	   integrity	   across	   RNA-­‐polymerase-­‐II-­‐
transcribed	  genes.	  Cell	  151,	  835-­‐846.	  
Antonny,	  B.,	  and	  Schekman,	  R.	  (2001).	  ER	  export:	  public	  transportation	  by	  the	  
COPII	  coach.	  Current	  Opinion	  in	  Cell	  Biology	  13,	  438-­‐443.	  
Aronova,	   S.,	  Wedaman,	   K.,	   Anderson,	   S.,	   Yates,	   J.,	   3rd,	   and	   Powers,	   T.	   (2007).	  
Probing	   the	   membrane	   environment	   of	   the	   TOR	   kinases	   reveals	   functional	  
interactions	   between	   TORC1,	   actin,	   and	   membrane	   trafficking	   in	  
Saccharomyces	  cerevisiae.	  Molecular	  biology	  of	  the	  cell	  18,	  2779-­‐2794.	  
Azmi,	   I.,	  Davies,	  B.,	  Dimaano,	  C.,	  Payne,	   J.,	  Eckert,	  D.,	  Babst,	  M.,	  and	  Katzmann,	  
D.J.	   (2006).	   Recycling	   of	   ESCRTs	   by	   the	   AAA-­‐ATPase	   Vps4	   is	   regulated	   by	   a	  
conserved	  VSL	  region	  in	  Vta	  1.	  Journal	  of	  Cell	  Biology	  172,	  705-­‐717.	  
Azvolinsky,	   A.,	   Dunaway,	   S.,	   Torres,	   J.Z.,	   Bessler,	   J.B.,	   and	   Zakian,	   V.A.	   (2006).	  
The	   S.	   cerevisiae	   Rrm3p	   DNA	   helicase	   moves	   with	   the	   replication	   fork	   and	  
affects	   replication	   of	   all	   yeast	   chromosomes.	   Genes	  &	   development	  20,	   3104-­‐
3116.	  
Azvolinsky,	  A.,	  Giresi,	  P.G.,	  Lieb,	  J.D.,	  and	  Zakian,	  V.A.	  (2009).	  Highly	  transcribed	  
RNA	   polymerase	   II	   genes	   are	   impediments	   to	   replication	   fork	   progression	   in	  
Saccharomyces	  cerevisiae.	  Molecular	  cell	  34,	  722-­‐734.	  
Bankaitis,	  V.A.,	   Johnson,	  L.M.,	  and	  Emr,	  S.D.	   (1986).	   Isolation	  of	  yeast	  mutants	  
defective	   in	   protein	   targeting	   to	   the	   vacuole.	   Proceedings	   of	   the	   National	  
Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  83,	  9075-­‐9079.	  
	   158	  
Barlowe,	  C.	  (2003).	  Molecular	  recognition	  of	  cargo	  by	  the	  COPII	  complex:	  a	  most	  
accommodating	  coat.	  Cell	  114,	  395-­‐397.	  
Barnett,	  J.A.	  (2008).	  A	  history	  of	  research	  on	  yeasts	  13.	  Active	  transport	  and	  the	  
uptake	  of	  various	  metabolites.	  Yeast	  25,	  689-­‐731.	  
Baryshnikova,	   A.,	   Costanzo,	   M.,	   Dixon,	   S.,	   Vizeacoumar,	   F.J.,	   Myers,	   C.L.,	  
Andrews,	   B.,	   and	   Boone,	   C.	   (2010).	   Synthetic	   genetic	   array	   (SGA)	   analysis	   in	  
Saccharomyces	   cerevisiae	   and	   Schizosaccharomyces	   pombe.	   Methods	   in	  
enzymology	  470,	  145-­‐179.	  
Beck,	   T.,	   Schmidt,	   A.,	   and	   Hall,	   M.N.	   (1999).	   Starvation	   induces	   vacuolar	  
targeting	  and	  degradation	  of	  the	  tryptophan	  permease	  in	  yeast.	  The	  Journal	  of	  
cell	  biology	  146,	  1227-­‐1238.	  
Bell,	  S.D.	  (2006).	  Molecular	  biology:	  prime-­‐time	  progress.	  Nature	  439,	  542-­‐543.	  
Bell,	   S.P.,	   and	   Dutta,	   A.	   (2002).	   DNA	   replication	   in	   eukaryotic	   cells.	   Annual	  
review	  of	  biochemistry	  71,	  333-­‐374.	  
Bermejo,	  R.,	  Capra,	  T.,	  Jossen,	  R.,	  Colosio,	  A.,	  Frattini,	  C.,	  Carotenuto,	  W.,	  Cocito,	  
A.,	   Doksani,	   Y.,	   Klein,	   H.,	   Gomez-­‐Gonzalez,	   B.,	   et	   al.	   (2011).	   The	   replication	  
checkpoint	  protects	  fork	  stability	  by	  releasing	  transcribed	  genes	  from	  nuclear	  
pores.	  Cell	  146,	  233-­‐246.	  
Bermejo,	   R.,	   Doksani,	   Y.,	   Capra,	   T.,	   Katou,	   Y.M.,	   Tanaka,	   H.,	   Shirahige,	   K.,	   and	  
Foiani,	   M.	   (2007).	   Top1-­‐	   and	   Top2-­‐mediated	   topological	   transitions	   at	  
replication	   forks	   ensure	   fork	   progression	   and	   stability	   and	   prevent	   DNA	  
damage	  checkpoint	  activation.	  Genes	  &	  development	  21,	  1921-­‐1936.	  
Bernales,	  S.,	  McDonald,	  K.L.,	  and	  Walter,	  P.	  (2006).	  Autophagy	  counterbalances	  
endoplasmic	   reticulum	  expansion	  during	   the	  unfolded	  protein	   response.	   Plos	  
Biology	  4,	  2311-­‐2324.	  
Bi,	  X.,	  Corpina,	  R.A.,	  and	  Goldberg,	  J.	  (2002).	  Structure	  of	  the	  Sec23/24-­‐Sar1	  pre-­‐
budding	  complex	  of	  the	  COPII	  vesicle	  coat.	  Nature	  419,	  271-­‐277.	  
Bitoun,	  M.,	  Maugenre,	  S.,	  Jeannet,	  P.Y.,	  Lacene,	  E.,	  Ferrer,	  X.,	  Laforet,	  P.,	  Martin,	  
J.J.,	  Laporte,	  J.,	  Lochmuller,	  H.,	  Beggs,	  A.H.,	  et	  al.	  (2005).	  Mutations	  in	  dynamin	  2	  
cause	  dominant	  centronuclear	  myopathy.	  Nature	  genetics	  37,	  1207-­‐1209.	  
Boguta,	   M.,	   and	   Graczyk,	   D.	   (2011).	   RNA	   polymerase	   III	   under	   control:	  
repression	  and	  de-­‐repression.	  Trends	  in	  biochemical	  sciences	  36,	  451-­‐456.	  
Bonfils,	   G.,	   Jaquenoud,	   M.,	   Bontron,	   S.,	   Ostrowicz,	   C.,	   Ungermann,	   C.,	   and	   De	  
Virgilio,	   C.	   (2012).	   Leucyl-­‐tRNA	   synthetase	   controls	   TORC1	   via	   the	   EGO	  
complex.	  Molecular	  cell	  46,	  105-­‐110.	  
Bowers,	  K.,	   and	   Stevens,	   T.H.	   (2005).	   Protein	   transport	   from	   the	   late	  Golgi	   to	  
the	   vacuole	   in	   the	   yeast	   Saccharomyces	   cerevisiae.	   Biochimica	   et	   biophysica	  
acta	  1744,	  438-­‐454.	  
Boyadjiev,	   S.A.,	   Fromme,	   J.C.,	   Ben,	   J.,	   Chong,	   S.S.,	  Nauta,	   C.,	  Hur,	  D.J.,	   Zhang,	  G.,	  
Hamamoto,	   S.,	   Schekman,	   R.,	   Ravazzola,	   M.,	   et	   al.	   (2006).	   Cranio-­‐lenticulo-­‐
	   159	  
sutural	   dysplasia	   is	   caused	   by	   a	   SEC23A	   mutation	   leading	   to	   abnormal	  
endoplasmic-­‐reticulumto-­‐Golgi	  trafficking.	  Nature	  Genetics	  38,	  1192-­‐1197.	  
Branzei,	   D.,	   and	   Foiani,	   M.	   (2006).	   The	   Rad53	   signal	   transduction	   pathway:	  
Replication	   fork	   stabilization,	   DNA	   repair,	   and	   adaptation.	   Experimental	   cell	  
research	  312,	  2654-­‐2659.	  
Branzei,	   D.,	   and	   Foiani,	   M.	   (2009).	   The	   checkpoint	   response	   to	   replication	  
stress.	  DNA	  repair	  8,	  1038-­‐1046.	  
Branzei,	   D.,	   and	   Foiani,	   M.	   (2010).	   Maintaining	   genome	   stability	   at	   the	  
replication	  fork.	  Nature	  Reviews	  Molecular	  Cell	  Biology	  11,	  208-­‐219.	  
Budovskaya,	   Y.V.,	   Stephan,	   J.S.,	   Deminoff,	   S.J.,	   and	   Herman,	   P.K.	   (2005).	   An	  
evolutionary	  proteomics	  approach	  identifies	  substrates	  of	  the	  cAMP-­‐dependent	  
protein	  kinase.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  
States	  of	  America	  102,	  13933-­‐13938.	  
Budovskaya,	   Y.V.,	   Stephan,	   J.S.,	   Reggiori,	   F.,	   Klionsky,	   D.J.,	   and	   Herman,	   P.K.	  
(2004).	  The	  Ras/cAMP-­‐dependent	  protein	  kinase	   signaling	  pathway	   regulates	  
an	   early	   step	   of	   the	   autophagy	   process	   in	   Saccharomyces	   cerevisiae.	   The	  
Journal	  of	  biological	  chemistry	  279,	  20663-­‐20671.	  
Burd,	   C.G.,	   and	   Emr,	   S.D.	   (1998).	   Phosphatidylinositol(3)-­‐phosphate	   signaling	  
mediated	  by	  specific	  binding	  to	  RING	  FYVE	  domains.	  Molecular	  cell	  2,	  157-­‐162.	  
Burda,	   P.,	   Padilla,	   S.M.,	   Sarkar,	   S.,	   and	   Emr,	   S.D.	   (2002).	   Retromer	   function	   in	  
endosome-­‐to-­‐Golgi	  retrograde	  transport	  is	  regulated	  by	  the	  yeast	  Vps34	  PtdIns	  
3-­‐kinase.	  Journal	  of	  Cell	  Science	  115,	  3889-­‐3900.	  
Burgers,	  P.M.J.	  (2009).	  Polymerase	  Dynamics	  at	  the	  Eukaryotic	  DNA	  Replication	  
Fork.	  Journal	  of	  Biological	  Chemistry	  284,	  4041-­‐4045.	  
Byfield,	   M.P.,	   Murray,	   J.T.,	   and	   Backer,	   J.M.	   (2005).	   hVps34	   is	   a	   nutrient-­‐
regulated	  lipid	  kinase	  required	  for	  activation	  of	  p70	  S6	  kinase.	  The	  Journal	  of	  
biological	  chemistry	  280,	  33076-­‐33082.	  
Cai,	  H.,	  Yu,	   S.,	  Menon,	   S.,	   Cai,	  Y.,	   Lazarova,	  D.,	   Fu,	  C.,	  Reinisch,	  K.,	  Hay,	   J.C.,	   and	  
Ferro-­‐Novick,	   S.	   (2007).	   TRAPPI	   tethers	   COPII	   vesicles	   by	   binding	   the	   coat	  
subunit	  Sec23.	  Nature	  445,	  941-­‐944.	  
Campbell,	   P.J.,	   and	  Green,	  A.R.	   (2005).	  Management	  of	  polycythemia	  vera	   and	  
essential	   thrombocythemia.	   Hematology	   /	   the	   Education	   Program	   of	   the	  
American	   Society	   of	   Hematology	   American	   Society	   of	   Hematology	   Education	  
Program,	  201-­‐208.	  
Cao,	   X.C.,	   Ballew,	   N.,	   and	   Barlowe,	   C.	   (1998).	   Initial	   docking	   of	   ER-­‐derived	  
vesicles	  requires	  Uso1p	  and	  Ypt1p	  but	  is	  independent	  of	  SNARE	  proteins.	  Embo	  
Journal	  17,	  2156-­‐2165.	  
Cavuoto,	  P.,	  and	  Fenech,	  M.F.	   (2012).	  A	  review	  of	  methionine	  dependency	  and	  
the	   role	   of	   methionine	   restriction	   in	   cancer	   growth	   control	   and	   life-­‐span	  
extension.	  Cancer	  treatment	  reviews	  38,	  726-­‐736.	  
	   160	  
Chabes,	  A.,	  Domkin,	  V.,	  and	  Thelander,	  L.	  (1999).	  Yeast	  Sml1,	  a	  protein	  inhibitor	  
of	   ribonucleotide	   reductase.	   The	   Journal	   of	   biological	   chemistry	   274,	   36679-­‐
36683.	  
Chan,	   C.S.,	   and	   Tye,	   B.K.	   (1980).	   Autonomously	   replicating	   sequences	   in	  
Saccharomyces	  cerevisiae.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  
the	  United	  States	  of	  America	  77,	  6329-­‐6333.	  
Chaudhri,	  V.K.,	  Salzler,	  G.G.,	  Dick,	  S.A.,	  Buckman,	  M.S.,	  Sordella,	  R.,	  Karoly,	  E.D.,	  
Mohney,	   R.,	   Stiles,	   B.M.,	   Elemento,	   O.,	   Altorki,	   N.K.,	   et	   al.	   (2013).	   Metabolic	  
alterations	   in	   lung	   cancer-­‐associated	   fibroblasts	   correlated	   with	   increased	  
glycolytic	  metabolism	  of	   the	   tumor.	  Molecular	  cancer	  research	   :	  MCR	  11,	  579-­‐
592.	  
Cheng,	  K.W.,	  Lahad,	   J.P.,	  Kuo,	  W.L.,	  Lapuk,	  A.,	  Yamada,	  K.,	  Auersperg,	  N.,	  Liu,	   J.,	  
Smith-­‐McCune,	  K.,	  Lu,	  K.H.,	  Fishman,	  D.,	  et	  al.	  (2004).	  The	  RAB25	  small	  GTPase	  
determines	  aggressiveness	  of	  ovarian	  and	  breast	  cancers.	  Nature	  medicine	  10,	  
1251-­‐1256.	  
Cherkasova,	   V.A.,	   and	   Hinnebusch,	   A.G.	   (2003).	   Translational	   control	   by	   TOR	  
and	   TAP42	   through	   dephosphorylation	   of	   eIF2alpha	   kinase	   GCN2.	   Genes	   &	  
development	  17,	  859-­‐872.	  
Cheung-­‐Ong,	   K.,	   Giaever,	   G.,	   and	   Nislow,	   C.	   (2013).	   DNA-­‐damaging	   agents	   in	  
cancer	   chemotherapy:	   serendipity	   and	   chemical	   biology.	   Chemistry	  &	  biology	  
20,	  648-­‐659.	  
Chin,	   K.,	   DeVries,	   S.,	   Fridlyand,	   J.,	   Spellman,	   P.T.,	   Roydasgupta,	   R.,	   Kuo,	   W.L.,	  
Lapuk,	   A.,	   Neve,	   R.M.,	   Qian,	   Z.,	   Ryder,	   T.,	   et	   al.	   (2006).	   Genomic	   and	  
transcriptional	   aberrations	   linked	   to	  breast	   cancer	  pathophysiologies.	   Cancer	  
cell	  10,	  529-­‐541.	  
Cocker,	   J.H.,	   Piatti,	   S.,	   Santocanale,	   C.,	   Nasmyth,	  K.,	   and	  Diffley,	   J.F.	   (1996).	   An	  
essential	  role	  for	  the	  Cdc6	  protein	  in	  forming	  the	  pre-­‐replicative	  complexes	  of	  
budding	  yeast.	  Nature	  379,	  180-­‐182.	  
Collins,	   S.R.,	   Roguev,	   A.,	   and	   Krogan,	   N.J.	   (2010).	   Quantitative	   genetic	  
interaction	  mapping	   using	   the	   E-­‐MAP	   approach.	  Methods	   in	   enzymology	   470,	  
205-­‐231.	  
Cotta-­‐Ramusino,	  C.,	  Fachinetti,	  D.,	  Lucca,	  C.,	  Doksani,	  Y.,	  Lopes,	  M.,	  Sogo,	  J.,	  and	  
Foiani,	  M.	  (2005).	  Exo1	  processes	  stalled	  replication	  forks	  and	  counteracts	  fork	  
reversal	  in	  checkpoint-­‐defective	  cells.	  Molecular	  cell	  17,	  153-­‐159.	  
Courchesne,	  W.E.,	  and	  Magasanik,	  B.	  (1983).	  Ammonia	  regulation	  of	  amino	  acid	  
permeases	  in	  Saccharomyces	  cerevisiae.	  Molecular	  and	  cellular	  biology	  3,	  672-­‐
683.	  
Cowles,	   C.R.,	   Snyder,	   W.B.,	   Burd,	   C.G.,	   and	   Emr,	   S.D.	   (1997).	   Novel	   Golgi	   to	  
vacuole	  delivery	  pathway	  in	  yeast:	   identification	  of	  a	  sorting	  determinant	  and	  
required	  transport	  component.	  The	  EMBO	  journal	  16,	  2769-­‐2782.	  
Dancourt,	   J.,	   and	   Barlowe,	   C.	   (2010).	   Protein	   sorting	   receptors	   in	   the	   early	  
secretory	  pathway.	  Annual	  review	  of	  biochemistry	  79,	  777-­‐802.	  
	   161	  
Daniel,	   F.,	   Legrand,	   A.,	   Pessayre,	   D.,	   Borrega-­‐Pires,	   F.,	   Mbida,	   L.,	   Lardeux,	   B.,	  
Degott,	   C.,	   van	   Nhieu,	   J.T.,	   and	   Bernuau,	   D.	   (2007).	   Beclin	   1	   mRNA	   strongly	  
correlates	   with	   Bcl-­‐XLmRNA	   expression	   in	   human	   hepatocellular	   carcinoma.	  
Cancer	  investigation	  25,	  226-­‐231.	  
Day,	   K.J.,	   Staehelin,	   L.A.,	   and	   Glick,	   B.S.	   (2013).	   A	   three-­‐stage	   model	   of	   Golgi	  
structure	  and	  function.	  Histochemistry	  and	  cell	  biology	  140,	  239-­‐249.	  
Deloche,	  O.,	  Yeung,	  B.G.,	  Payne,	  G.S.,	  and	  Schekman,	  R.	  (2001).	  Vps10p	  transport	  
from	  the	   trans-­‐Golgi	  network	  to	   the	  endosome	   is	  mediated	  by	  clathrin-­‐coated	  
vesicles.	  Molecular	  biology	  of	  the	  cell	  12,	  475-­‐485.	  
Deng,	  M.,	  and	  Hochstrasser,	  M.	  (2006).	  Spatially	  regulated	  ubiquitin	  ligation	  by	  
an	  ER/nuclear	  membrane	  ligase.	  Nature	  443,	  827-­‐831.	  
Denic,	  V.,	  Quan,	  E.M.,	  and	  Weissman,	  J.S.	  (2006).	  A	  luminal	  surveillance	  complex	  
that	   selects	   misfolded	   glycoproteins	   for	   ER-­‐associated	   degradation.	   Cell	   126,	  
349-­‐359.	  
Deshpande,	   A.M.,	   and	   Newlon,	   C.S.	   (1996).	   DNA	   replication	   fork	   pause	   sites	  
dependent	  on	  transcription.	  Science	  272,	  1030-­‐1033.	  
Didion,	  T.,	  Regenberg,	  B.,	  Jorgensen,	  M.U.,	  Kielland-­‐Brandt,	  M.C.,	  and	  Andersen,	  
H.A.	  (1998).	  The	  permease	  homologue	  Ssy1p	  controls	  the	  expression	  of	  amino	  
acid	   and	   peptide	   transporter	   genes	   in	   Saccharomyces	   cerevisiae.	   Molecular	  
microbiology	  27,	  643-­‐650.	  
Dunn,	  W.A.,	  Jr.,	  Cregg,	  J.M.,	  Kiel,	  J.A.,	  van	  der	  Klei,	  I.J.,	  Oku,	  M.,	  Sakai,	  Y.,	  Sibirny,	  
A.A.,	  Stasyk,	  O.V.,	  and	  Veenhuis,	  M.	  (2005).	  Pexophagy:	  the	  selective	  autophagy	  
of	  peroxisomes.	  Autophagy	  1,	  75-­‐83.	  
Dutta,	  A.,	  and	  Bell,	  S.P.	  (1997).	  Initiation	  of	  DNA	  replication	  in	  eukaryotic	  cells.	  
Annual	  review	  of	  cell	  and	  developmental	  biology	  13,	  293-­‐332.	  
Eapen,	  V.,	  Waterman,	  D.,	  Bernard,	  A.,	  Ang,	  J.,	  Klionsky,	  D.,	  and	  Haber,	  J.	  (2015).	  
The	  DNA	  Damage	  Response	  Induces	  Autophagy	  via	  Mec1(ATR)	  and	  Tel1(ATM)	  
to	  Regulate	  the	  Initiation	  of	  Anaphase.	  Faseb	  Journal	  29.	  
Ecker,	  N.,	  Mor,	  A.,	  Journo,	  D.,	  and	  Abeliovich,	  H.	  (2010).	  Induction	  of	  autophagic	  
flux	   by	   amino	   acid	   deprivation	   is	   distinct	   from	   nitrogen	   starvation-­‐induced	  
macroautophagy.	  Autophagy	  6,	  879-­‐890.	  
Edenberg,	  H.J.,	  and	  Huberman,	  J.A.	  (1975).	  Eukaryotic	  chromosome	  replication.	  
Annual	  review	  of	  genetics	  9,	  245-­‐284.	  
Ellgaard,	   L.,	   and	   Helenius,	   A.	   (2003).	   Quality	   control	   in	   the	   endoplasmic	  
reticulum.	  Nature	  reviews	  Molecular	  cell	  biology	  4,	  181-­‐191.	  
Eskelinen,	   E.L.,	   Reggiori,	   F.,	   Baba,	   M.,	   Kovacs,	   A.L.,	   and	   Seglen,	   P.O.	   (2011).	  
Seeing	   is	  believing	  The	   impact	  of	  electron	  microscopy	  on	  autophagy	  research.	  
Autophagy	  7,	  935-­‐956.	  
	   162	  
Forsberg,	  H.,	  Gilstring,	  C.F.,	  Zargari,	  A.,	  Martinez,	  P.,	  and	  Ljungdahl,	  P.O.	  (2001).	  
The	   role	  of	   the	  yeast	  plasma	  membrane	  SPS	  nutrient	   sensor	   in	   the	  metabolic	  
response	  to	  extracellular	  amino	  acids.	  Molecular	  microbiology	  42,	  215-­‐228.	  
Funderburk,	  S.F.,	  Wang,	  Q.J.,	  and	  Yue,	  Z.	  (2010).	  The	  Beclin	  1-­‐VPS34	  complex-­‐-­‐at	  
the	  crossroads	  of	  autophagy	  and	  beyond.	  Trends	  in	  cell	  biology	  20,	  355-­‐362.	  
Garg,	  P.,	  Stith,	  C.M.,	  Sabouri,	  N.,	   Johansson,	  E.,	  and	  Burgers,	  P.M.	   (2004).	   Idling	  
by	  DNA	  polymerase	  delta	  maintains	  a	  ligatable	  nick	  during	  lagging-­‐strand	  DNA	  
replication.	  Genes	  &	  development	  18,	  2764-­‐2773.	  
Gaullier,	  J.M.,	  Simonsen,	  A.,	  D'Arrigo,	  A.,	  Bremnes,	  B.,	  Stenmark,	  H.,	  and	  Aasland,	  
R.	  (1998).	  FYVE	  fingers	  bind	  PtdIns(3)P.	  Nature	  394,	  432-­‐433.	  
Gauss,	  R.,	  Jarosch,	  E.,	  Sommer,	  T.,	  and	  Hirsch,	  C.	  (2006).	  A	  complex	  of	  Yos9p	  and	  
the	   HRD	   ligase	   integrates	   endoplasmic	   reticulum	   quality	   control	   into	   the	  
degradation	  machinery.	  Nature	  cell	  biology	  8,	  849-­‐854.	  
Gerst,	  J.E.,	  Rodgers,	  L.,	  Riggs,	  M.,	  and	  Wigler,	  M.	  (1992).	  SNC1,	  a	  yeast	  homolog	  of	  
the	  synaptic	  vesicle-­‐associated	  membrane	  protein/synaptobrevin	  gene	  family:	  
genetic	   interactions	  with	   the	  RAS	  and	  CAP	  genes.	  Proceedings	  of	   the	  National	  
Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  89,	  4338-­‐4342.	  
Gillooly,	   D.J.,	   Morrow,	   I.C.,	   Lindsay,	   M.,	   Gould,	   R.,	   Bryant,	   N.J.,	   Gaullier,	   J.M.,	  
Parton,	   R.G.,	   and	   Stenmark,	  H.	   (2000).	   Localization	   of	   phosphatidylinositol	   3-­‐
phosphate	  in	  yeast	  and	  mammalian	  cells.	  The	  EMBO	  journal	  19,	  4577-­‐4588.	  
Gissen,	   P.,	   Johnson,	   C.A.,	   Morgan,	   N.V.,	   Stapelbroek,	   J.M.,	   Forshew,	   T.,	   Cooper,	  
W.N.,	   McKiernan,	   P.J.,	   Klomp,	   L.W.,	   Morris,	   A.A.,	   Wraith,	   J.E.,	   et	   al.	   (2004).	  
Mutations	   in	   VPS33B,	   encoding	   a	   regulator	   of	   SNARE-­‐dependent	   membrane	  
fusion,	   cause	   arthrogryposis-­‐renal	   dysfunction-­‐cholestasis	   (ARC)	   syndrome.	  
Nature	  genetics	  36,	  400-­‐404.	  
Gong,	   C.,	   Bauvy,	   C.,	   Tonelli,	   G.,	   Yue,	   W.,	   Delomenie,	   C.,	   Nicolas,	   V.,	   Zhu,	   Y.,	  
Domergue,	   V.,	   Marin-­‐Esteban,	   V.,	   Tharinger,	   H.,	   et	   al.	   (2013).	   Beclin	   1	   and	  
autophagy	   are	   required	   for	   the	   tumorigenicity	   of	   breast	   cancer	   stem-­‐
like/progenitor	  cells.	  Oncogene	  32,	  2261-­‐2272,	  2272e	  2261-­‐2211.	  
Grauslund,	   M.,	   Didion,	   T.,	   Kielland-­‐Brandt,	   M.C.,	   and	   Andersen,	   H.A.	   (1995).	  
BAP2,	   a	   gene	   encoding	   a	   permease	   for	   branched-­‐chain	   amino	   acids	   in	  
Saccharomyces	  cerevisiae.	  Biochimica	  et	  biophysica	  acta	  1269,	  275-­‐280.	  
Grenson,	   M.,	   Hou,	   C.,	   and	   Crabeel,	   M.	   (1970).	   Multiplicity	   of	   the	   amino	   acid	  
permeases	  in	  Saccharomyces	  cerevisiae.	  IV.	  Evidence	  for	  a	  general	  amino	  acid	  
permease.	  Journal	  of	  bacteriology	  103,	  770-­‐777.	  
Griffiths,	  G.,	  and	  Simons,	  K.	  (1986).	  The	  trans	  Golgi	  network:	  sorting	  at	  the	  exit	  
site	  of	  the	  Golgi	  complex.	  Science	  234,	  438-­‐443.	  
Ha,	  S.A.,	  Bunch,	  J.T.,	  Hama,	  H.,	  DeWald,	  D.B.,	  and	  Nothwehr,	  S.F.	  (2001).	  A	  novel	  
mechanism	   for	   localizing	   membrane	   proteins	   to	   yeast	   trans-­‐Golgi	   network	  
requires	  function	  of	  synaptojanin-­‐like	  protein.	  Molecular	  biology	  of	  the	  cell	  12,	  
3175-­‐3190.	  
	   163	  
Ha,	   S.A.,	   Torabinejad,	   J.,	   DeWald,	   D.B.,	   Wenk,	   M.R.,	   Lucast,	   L.,	   De	   Camilli,	   P.,	  
Newitt,	   R.A.,	   Aebersold,	   R.,	   and	   Nothwehr,	   S.F.	   (2003).	   The	   synaptojanin-­‐like	  
protein	  Inp53/Sjl3	  functions	  with	  clathrin	  in	  a	  yeast	  TGN-­‐to-­‐endosome	  pathway	  
distinct	  from	  the	  GGA	  protein-­‐dependent	  pathway.	  Molecular	  biology	  of	  the	  cell	  
14,	  1319-­‐1333.	  
Hamasaki,	  M.,	  Noda,	  T.,	  Baba,	  M.,	  and	  Ohsumi,	  Y.	  (2005).	  Starvation	  triggers	  the	  
delivery	   of	   the	   endoplasmic	   reticulum	   to	   the	   vacuole	   via	   autophagy	   in	   yeast.	  
Traffic	  6,	  56-­‐65.	  
Han,	  J.M.,	  Jeong,	  S.J.,	  Park,	  M.C.,	  Kim,	  G.,	  Kwon,	  N.H.,	  Kim,	  H.K.,	  Ha,	  S.H.,	  Ryu,	  S.H.,	  
and	  Kim,	   S.	   (2012).	   Leucyl-­‐tRNA	   synthetase	   is	   an	   intracellular	   leucine	   sensor	  
for	  the	  mTORC1-­‐signaling	  pathway.	  Cell	  149,	  410-­‐424.	  
Hanson,	   S.,	   Berthelot,	   K.,	   Fink,	   B.,	   McCarthy,	   J.E.,	   and	   Suess,	   B.	   (2003).	  
Tetracycline-­‐aptamer-­‐mediated	   translational	   regulation	   in	   yeast.	   Molecular	  
microbiology	  49,	  1627-­‐1637.	  
Harsay,	   E.,	   and	   Bretscher,	   A.	   (1995).	   Parallel	   secretory	   pathways	   to	   the	   cell	  
surface	  in	  yeast.	  The	  Journal	  of	  cell	  biology	  131,	  297-­‐310.	  
Harsay,	  E.,	  and	  Schekman,	  R.	  (2002).	  A	  subset	  of	  yeast	  vacuolar	  protein	  sorting	  
mutants	   is	  blocked	   in	  one	  branch	  of	   the	  exocytic	  pathway.	  The	   Journal	  of	   cell	  
biology	  156,	  271-­‐285.	  
Hassanein,	  M.,	  Hoeksema,	  M.D.,	  Shiota,	  M.,	  Qian,	  J.,	  Harris,	  B.K.,	  Chen,	  H.,	  Clark,	  
J.E.,	   Alborn,	   W.E.,	   Eisenberg,	   R.,	   and	   Massion,	   P.P.	   (2013).	   SLC1A5	   mediates	  
glutamine	  transport	  required	  for	  lung	  cancer	  cell	  growth	  and	  survival.	  Clinical	  
cancer	   research	   :	   an	   official	   journal	   of	   the	   American	   Association	   for	   Cancer	  
Research	  19,	  560-­‐570.	  
He,	   B.,	   and	   Guo,	   W.	   (2009).	   The	   exocyst	   complex	   in	   polarized	   exocytosis.	  
Current	  opinion	  in	  cell	  biology	  21,	  537-­‐542.	  
He,	   H.,	   Dai,	   F.,	   Yu,	   L.,	   She,	   X.,	   Zhao,	   Y.,	   Jiang,	   J.,	   Chen,	   X.,	   and	   Zhao,	   S.	   (2002).	  
Identification	  and	  characterization	  of	  nine	  novel	  human	  small	  GTPases	  showing	  
variable	  expressions	  in	  liver	  cancer	  tissues.	  Gene	  expression	  10,	  231-­‐242.	  
Helliwell,	   S.B.,	   Losko,	   S.,	   and	   Kaiser,	   C.A.	   (2001).	   Components	   of	   a	   ubiquitin	  
ligase	   complex	   specify	   polyubiquitination	   and	   intracellular	   trafficking	   of	   the	  
general	  amino	  acid	  permease.	  The	  Journal	  of	  cell	  biology	  153,	  649-­‐662.	  
Henne,	   W.M.,	   Buchkovich,	   N.J.,	   and	   Emr,	   S.D.	   (2011).	   The	   ESCRT	   pathway.	  
Developmental	  cell	  21,	  77-­‐91.	  
Heun,	   P.,	   Laroche,	   T.,	   Raghuraman,	   M.K.,	   and	   Gasser,	   S.M.	   (2001).	   The	  
positioning	  and	  dynamics	  of	  origins	  of	  replication	  in	  the	  budding	  yeast	  nucleus.	  
The	  Journal	  of	  cell	  biology	  152,	  385-­‐400.	  
Hinnebusch,	  A.G.	  (1988).	  Mechanisms	  of	  gene	  regulation	  in	  the	  general	  control	  
of	   amino	   acid	   biosynthesis	   in	   Saccharomyces	   cerevisiae.	   Microbiological	  
reviews	  52,	  248-­‐273.	  
	   164	  
Hinnebusch,	   A.G.	   (2005).	   Translational	   regulation	   of	   GCN4	   and	   the	   general	  
amino	  acid	  control	  of	  yeast.	  Annual	  review	  of	  microbiology	  59,	  407-­‐450.	  
Huang,	  M.,	   Zhou,	  Z.,	   and	  Elledge,	   S.J.	   (1998).	  The	  DNA	  replication	  and	  damage	  
checkpoint	  pathways	   induce	   transcription	  by	   inhibition	  of	   the	  Crt1	  repressor.	  
Cell	  94,	  595-­‐605.	  
Ionov,	   Y.,	   Nowak,	   N.,	   Perucho,	   M.,	   Markowitz,	   S.,	   and	   Cowell,	   J.K.	   (2004).	  
Manipulation	   of	   nonsense	  mediated	   decay	   identifies	   gene	  mutations	   in	   colon	  
cancer	  Cells	  with	  microsatellite	  instability.	  Oncogene	  23,	  639-­‐645.	  
Iraqui,	   I.,	  Vissers,	  S.,	  Bernard,	  F.,	  de	  Craene,	   J.O.,	  Boles,	  E.,	  Urrestarazu,	  A.,	  and	  
Andre,	   B.	   (1999).	   Amino	   acid	   signaling	   in	   Saccharomyces	   cerevisiae:	   a	  
permease-­‐like	   sensor	   of	   external	   amino	   acids	   and	   F-­‐Box	   protein	   Grr1p	   are	  
required	   for	   transcriptional	   induction	   of	   the	   AGP1	   gene,	   which	   encodes	   a	  
broad-­‐specificity	  amino	  acid	  permease.	  Molecular	  and	  cellular	  biology	  19,	  989-­‐
1001.	  
Isnard,	  A.D.,	  Thomas,	  D.,	  and	  Surdin-­‐Kerjan,	  Y.	  (1996).	  The	  study	  of	  methionine	  
uptake	   in	   Saccharomyces	   cerevisiae	   reveals	   a	   new	   family	   of	   amino	   acid	  
permeases.	  Journal	  of	  molecular	  biology	  262,	  473-­‐484.	  
Itakura,	   E.,	   Kishi,	   C.,	   Inoue,	   K.,	   and	  Mizushima,	   N.	   (2008).	   Beclin	   1	   forms	   two	  
distinct	   phosphatidylinositol	   3-­‐kinase	   complexes	  with	  mammalian	   Atg14	   and	  
UVRAG.	  Molecular	  biology	  of	  the	  cell	  19,	  5360-­‐5372.	  
Itakura,	   E.,	   and	   Mizushima,	   N.	   (2009).	   Atg14	   and	   UVRAG:	   mutually	   exclusive	  
subunits	  of	  mammalian	  Beclin	  1-­‐PI3K	  complexes.	  Autophagy	  5,	  534-­‐536.	  
Ivessa,	  A.S.,	  Lenzmeier,	  B.A.,	  Bessler,	  J.B.,	  Goudsouzian,	  L.K.,	  Schnakenberg,	  S.L.,	  
and	   Zakian,	   V.A.	   (2003).	   The	   Saccharomyces	   cerevisiae	   helicase	   Rrm3p	  
facilitates	   replication	   past	   nonhistone	   protein-­‐DNA	   complexes.	  Molecular	   cell	  
12,	  1525-­‐1536.	  
Jones,	  B.,	   Jones,	  E.L.,	  Bonney,	   S.A.,	  Patel,	  H.N.,	  Mensenkamp,	  A.R.,	  Eichenbaum-­‐
Voline,	  S.,	  Rudling,	  M.,	  Myrdal,	  U.,	  Annesi,	  G.,	  Naik,	  S.,	  et	  al.	  (2003).	  Mutations	  in	  a	  
Sar1	  GTPase	   of	   COPII	   vesicles	   are	   associated	  with	   lipid	   absorption	   disorders.	  
Nature	  genetics	  34,	  29-­‐31.	  
Jossen,	   R.,	   and	   Bermejo,	   R.	   (2013).	   The	   DNA	   damage	   checkpoint	   response	   to	  
replication	  stress:	  A	  Game	  of	  Forks.	  Frontiers	  in	  genetics	  4,	  26.	  
Kabeya,	  Y.,	  Noda,	  N.N.,	  Fujioka,	  Y.,	  Suzuki,	  K.,	  Inagaki,	  F.,	  and	  Ohsumi,	  Y.	  (2009).	  
Characterization	   of	   the	   Atg17-­‐Atg29-­‐Atg31	   complex	   specifically	   required	   for	  
starvation-­‐induced	   autophagy	   in	   Saccharomyces	   cerevisiae.	   Biochemical	   and	  
biophysical	  research	  communications	  389,	  612-­‐615.	  
Kamada,	  Y.,	  Funakoshi,	  T.,	  Shintani,	  T.,	  Nagano,	  K.,	  Ohsumi,	  M.,	  and	  Ohsumi,	  Y.	  
(2000).	   Tor-­‐mediated	   induction	   of	   autophagy	   via	   an	   Apg1	   protein	   kinase	  
complex.	  The	  Journal	  of	  cell	  biology	  150,	  1507-­‐1513.	  
Kamada,	  Y.,	  Yoshino,	  K.,	  Kondo,	  C.,	  Kawamata,	  T.,	  Oshiro,	  N.,	  Yonezawa,	  K.,	  and	  
Ohsumi,	   Y.	   (2010).	   Tor	   directly	   controls	   the	   Atg1	   kinase	   complex	   to	   regulate	  
autophagy.	  Molecular	  and	  cellular	  biology	  30,	  1049-­‐1058.	  
	   165	  
Kanki,	  T.,	  Wang,	  K.,	  Baba,	  M.,	  Bartholomew,	  C.R.,	  Lynch-­‐Day,	  M.A.,	  Du,	  Z.,	  Geng,	  J.,	  
Mao,	  K.,	   Yang,	   Z.,	   Yen,	  W.L.,	  et	  al.	   (2009).	   A	   genomic	   screen	   for	   yeast	  mutants	  
defective	  in	  selective	  mitochondria	  autophagy.	  Molecular	  biology	  of	  the	  cell	  20,	  
4730-­‐4738.	  
Karantza-­‐Wadsworth,	  V.,	  Patel,	  S.,	  Kravchuk,	  O.,	  Chen,	  G.,	  Mathew,	  R.,	  Jin,	  S.,	  and	  
White,	  E.	  (2007).	  Autophagy	  mitigates	  metabolic	  stress	  and	  genome	  damage	  in	  
mammary	  tumorigenesis.	  Genes	  &	  development	  21,	  1621-­‐1635.	  
Kastan,	  M.B.,	   and	   Bartek,	   J.	   (2004).	   Cell-­‐cycle	   checkpoints	   and	   cancer.	   Nature	  
432,	  316-­‐323.	  
Katayama,	   M.,	   Kawaguchi,	   T.,	   Berger,	   M.S.,	   and	   Pieper,	   R.O.	   (2007).	   DNA	  
damaging	   agent-­‐induced	   autophagy	   produces	   a	   cytoprotective	   adenosine	  
triphosphate	  surge	  in	  malignant	  glioma	  cells.	  Cell	  death	  and	  differentiation	  14,	  
548-­‐558.	  
Katzmann,	   D.J.,	   Babst,	   M.,	   and	   Emr,	   S.D.	   (2001).	   Ubiquitin-­‐dependent	   sorting	  
into	   the	   multivesicular	   body	   pathway	   requires	   the	   function	   of	   a	   conserved	  
endosomal	  protein	  sorting	  complex,	  ESCRT-­‐I.	  Cell	  106,	  145-­‐155.	  
Katzmann,	   D.J.,	   Stefan,	   C.J.,	   Babst,	   M.,	   and	   Emr,	   S.D.	   (2003).	   Vps27	   recruits	  
ESCRT	  machinery	  to	  endosomes	  during	  MVB	  sorting.	  The	  Journal	  of	  cell	  biology	  
162,	  413-­‐423.	  
Kaufman,	   R.J.	   (1999).	   Stress	   signaling	   from	   the	   lumen	   of	   the	   endoplasmic	  
reticulum:	   coordination	   of	   gene	   transcriptional	   and	   translational	   controls.	  
Genes	  &	  development	  13,	  1211-­‐1233.	  
Kawasaki,	   Y.,	   Kim,	   H.D.,	   Kojima,	   A.,	   Seki,	   T.,	   and	   Sugino,	   A.	   (2006).	  
Reconstitution	  of	  Saccharomyces	  cerevisiae	  prereplicative	  complex	  assembly	  in	  
vitro.	  Genes	  to	  cells	  :	  devoted	  to	  molecular	  &	  cellular	  mechanisms	  11,	  745-­‐756.	  
Kihara,	   A.,	   Noda,	   T.,	   Ishihara,	   N.,	   and	   Ohsumi,	   Y.	   (2001).	   Two	   distinct	   Vps34	  
phosphatidylinositol	   3-­‐kinase	   complexes	   function	   in	   autophagy	   and	  
carboxypeptidase	   Y	   sorting	   in	   Saccharomyces	   cerevisiae.	   The	   Journal	   of	   cell	  
biology	  152,	  519-­‐530.	  
Kingsbury,	   J.M.,	   Sen,	   N.D.,	   and	   Cardenas,	   M.E.	   (2015).	   Branched-­‐Chain	  
Aminotransferases	  Control	  TORC1	  Signaling	  in	  Saccharomyces	  cerevisiae.	  PLoS	  
genetics	  11,	  e1005714.	  
Kitamoto,	  K.,	  Yoshizawa,	  K.,	  Ohsumi,	  Y.,	  and	  Anraku,	  Y.	  (1988).	  Dynamic	  aspects	  
of	  vacuolar	  and	  cytosolic	  amino	  acid	  pools	  of	  Saccharomyces	  cerevisiae.	  Journal	  
of	  bacteriology	  170,	  2683-­‐2686.	  
Klionsky,	   D.J.,	   Cregg,	   J.M.,	   Dunn,	   W.A.,	   Jr.,	   Emr,	   S.D.,	   Sakai,	   Y.,	   Sandoval,	   I.V.,	  
Sibirny,	   A.,	   Subramani,	   S.,	   Thumm,	   M.,	   Veenhuis,	   M.,	   et	   al.	   (2003).	   A	   unified	  
nomenclature	   for	   yeast	   autophagy-­‐related	   genes.	   Developmental	   cell	   5,	   539-­‐
545.	  
Koneri,	  K.,	  Goi,	  T.,	  Hirono,	  Y.,	  Katayama,	  K.,	  and	  Yamaguchi,	  A.	  (2007).	  Beclin	  1	  
gene	   inhibits	   tumor	  growth	   in	  colon	  cancer	  cell	   lines.	  Anticancer	  research	  27,	  
1453-­‐1457.	  
	   166	  
Kotter,	  P.,	  Weigand,	  J.E.,	  Meyer,	  B.,	  Entian,	  K.D.,	  and	  Suess,	  B.	  (2009).	  A	  fast	  and	  
efficient	  translational	  control	  system	  for	  conditional	  expression	  of	  yeast	  genes.	  
Nucleic	  acids	  research	  37,	  e120.	  
Kraft,	   C.,	   Deplazes,	   A.,	   Sohrmann,	  M.,	   and	  Peter,	  M.	   (2008).	  Mature	   ribosomes	  
are	   selectively	  degraded	  upon	   starvation	  by	   an	   autophagy	  pathway	   requiring	  
the	  Ubp3p/Bre5p	  ubiquitin	  protease.	  Nature	  cell	  biology	  10,	  602-­‐610.	  
Krick,	   R.,	   Muehe,	   Y.,	   Prick,	   T.,	   Bremer,	   S.,	   Schlotterhose,	   P.,	   Eskelinen,	   E.L.,	  
Millen,	   J.,	  Goldfarb,	  D.S.,	  and	  Thumm,	  M.	  (2008).	  Piecemeal	  microautophagy	  of	  
the	  nucleus	  requires	  the	  core	  macroautophagy	  genes.	  Molecular	  biology	  of	  the	  
cell	  19,	  4492-­‐4505.	  
Kroemer,	   G.,	  Marino,	   G.,	   and	   Levine,	   B.	   (2010).	   Autophagy	   and	   the	   integrated	  
stress	  response.	  Molecular	  cell	  40,	  280-­‐293.	  
Kudo,	  M.,	  Brem,	  M.S.,	  and	  Canfield,	  W.M.	  (2006).	  Mucolipidosis	  II	  (I-­‐cell	  disease)	  
and	  mucolipidosis	   IIIA	   (classical	  pseudo-­‐hurler	  polydystrophy)	   are	   caused	  by	  
mutations	   in	   the	  GlcNAc-­‐phosphotransferase	  alpha	  /	  beta	   -­‐subunits	  precursor	  
gene.	  American	  journal	  of	  human	  genetics	  78,	  451-­‐463.	  
Kunz,	  B.A.,	  Kohalmi,	  S.E.,	  Kunkel,	  T.A.,	  Mathews,	  C.K.,	  McIntosh,	  E.M.,	  and	  Reidy,	  
J.A.	   (1994).	   International	   Commission	   for	   Protection	   Against	   Environmental	  
Mutagens	  and	  Carcinogens.	  Deoxyribonucleoside	  triphosphate	  levels:	  a	  critical	  
factor	  in	  the	  maintenance	  of	  genetic	  stability.	  Mutation	  research	  318,	  1-­‐64.	  
Kunz,	  J.B.,	  Schwarz,	  H.,	  and	  Mayer,	  A.	  (2004).	  Determination	  of	  four	  sequential	  
stages	  during	  microautophagy	  in	  vitro.	  The	  Journal	  of	  biological	  chemistry	  279,	  
9987-­‐9996.	  
Labib,	   K.,	   and	   De	   Piccoli,	   G.	   (2011).	   Surviving	   chromosome	   replication:	   the	  
many	   roles	   of	   the	   S-­‐phase	   checkpoint	   pathway.	   Philosophical	   transactions	   of	  
the	  Royal	  Society	  of	  London	  Series	  B,	  Biological	  sciences	  366,	  3554-­‐3561.	  
Labib,	  K.,	  and	  Hodgson,	  B.	  (2007).	  Replication	  fork	  barriers:	  pausing	  for	  a	  break	  
or	  stalling	  for	  time?	  EMBO	  reports	  8,	  346-­‐353.	  
Lederkremer,	  G.Z.,	   Cheng,	  Y.,	  Petre,	  B.M.,	  Vogan,	  E.,	   Springer,	   S.,	   Schekman,	  R.,	  
Walz,	   T.,	   and	   Kirchhausen,	   T.	   (2001).	   Structure	   of	   the	   Sec23p/24p	   and	  
Sec13p/31p	   complexes	   of	   COPII.	   Proceedings	   of	   the	   National	   Academy	   of	  
Sciences	  of	  the	  United	  States	  of	  America	  98,	  10704-­‐10709.	  
Lee,	   M.C.,	   Miller,	   E.A.,	   Goldberg,	   J.,	   Orci,	   L.,	   and	   Schekman,	   R.	   (2004).	   Bi-­‐
directional	  protein	   transport	  between	  the	  ER	  and	  Golgi.	  Annual	  review	  of	  cell	  
and	  developmental	  biology	  20,	  87-­‐123.	  
Liang,	  C.,	   Feng,	  P.,	  Ku,	  B.,	  Dotan,	   I.,	   Canaani,	  D.,	  Oh,	  B.H.,	   and	   Jung,	   J.U.	   (2006).	  
Autophagic	  and	  tumour	  suppressor	  activity	  of	  a	  novel	  Beclin1-­‐binding	  protein	  
UVRAG.	  Nature	  cell	  biology	  8,	  688-­‐699.	  
Liang,	  X.H.,	   Jackson,	  S.,	  Seaman,	  M.,	  Brown,	  K.,	  Kempkes,	  B.,	  Hibshoosh,	  H.,	  and	  
Levine,	   B.	   (1999).	   Induction	   of	   autophagy	   and	   inhibition	   of	   tumorigenesis	   by	  
beclin	  1.	  Nature	  402,	  672-­‐676.	  
	   167	  
Lindmo,	   K.,	   and	   Stenmark,	   H.	   (2006).	   Regulation	   of	   membrane	   traffic	   by	  
phosphoinositide	  3-­‐kinases.	  Journal	  of	  cell	  science	  119,	  605-­‐614.	  
Ljungdahl,	   P.O.,	   and	   Daignan-­‐Fornier,	   B.	   (2012).	   Regulation	   of	   amino	   acid,	  
nucleotide,	   and	   phosphate	  metabolism	   in	   Saccharomyces	   cerevisiae.	   Genetics	  
190,	  885-­‐929.	  
Lohman,	  T.M.,	  and	  Bjornson,	  K.P.	  (1996).	  Mechanisms	  of	  helicase-­‐catalyzed	  DNA	  
unwinding.	  Annual	  review	  of	  biochemistry	  65,	  169-­‐214.	  
Longtine,	  M.S.,	  McKenzie,	  A.,	  3rd,	  Demarini,	  D.J.,	  Shah,	  N.G.,	  Wach,	  A.,	  Brachat,	  A.,	  
Philippsen,	   P.,	   and	   Pringle,	   J.R.	   (1998).	   Additional	   modules	   for	   versatile	   and	  
economical	   PCR-­‐based	   gene	   deletion	   and	   modification	   in	   Saccharomyces	  
cerevisiae.	  Yeast	  14,	  953-­‐961.	  
Lopes,	  M.,	  Cotta-­‐Ramusino,	  C.,	  Pellicioli,	  A.,	  Liberi,	  G.,	  Plevani,	  P.,	  Muzi-­‐Falconi,	  
M.,	   Newlon,	   C.S.,	   and	   Foiani,	   M.	   (2001).	   The	   DNA	   replication	   checkpoint	  
response	  stabilizes	  stalled	  replication	  forks.	  Nature	  412,	  557-­‐561.	  
Lynch-­‐Day,	  M.A.,	   Bhandari,	  D.,	  Menon,	   S.,	  Huang,	   J.,	   Cai,	  H.,	   Bartholomew,	   C.R.,	  
Brumell,	   J.H.,	   Ferro-­‐Novick,	   S.,	   and	  Klionsky,	  D.J.	   (2010).	   Trs85	  directs	   a	   Ypt1	  
GEF,	   TRAPPIII,	   to	   the	   phagophore	   to	   promote	   autophagy.	   Proceedings	   of	   the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  107,	  7811-­‐7816.	  
Lynch-­‐Day,	   M.A.,	   and	   Klionsky,	   D.J.	   (2010).	   The	   Cvt	   pathway	   as	   a	   model	   for	  
selective	  autophagy.	  FEBS	  letters	  584,	  1359-­‐1366.	  
MacGurn,	   J.A.,	   Hsu,	   P.C.,	   Smolka,	   M.B.,	   and	   Emr,	   S.D.	   (2011).	   TORC1	   regulates	  
endocytosis	  via	  Npr1-­‐mediated	  phosphoinhibition	  of	  a	  ubiquitin	  ligase	  adaptor.	  
Cell	  147,	  1104-­‐1117.	  
Mai,	  B.,	  and	  Lipp,	  M.	   (1994).	  Cloning	  and	  chromosomal	  organization	  of	  a	  gene	  
encoding	  a	  putative	  amino-­‐acid	  permease	  from	  Saccharomyces	  cerevisiae.	  Gene	  
143,	  129-­‐133.	  
Manjithaya,	   R.,	   Jain,	   S.,	   Farre,	   J.C.,	   and	   Subramani,	   S.	   (2010).	   A	   yeast	   MAPK	  
cascade	  regulates	  pexophagy	  but	  not	  other	  autophagy	  pathways.	  The	  Journal	  of	  
cell	  biology	  189,	  303-­‐310.	  
Mao,	   K.,	   Wang,	   K.,	   Zhao,	   M.,	   Xu,	   T.,	   and	   Klionsky,	   D.J.	   (2011).	   Two	   MAPK-­‐
signaling	   pathways	   are	   required	   for	   mitophagy	   in	   Saccharomyces	   cerevisiae.	  
The	  Journal	  of	  cell	  biology	  193,	  755-­‐767.	  
Mari,	   M.,	   Griffith,	   J.,	   Rieter,	   E.,	   Krishnappa,	   L.,	   Klionsky,	   D.J.,	   and	   Reggiori,	   F.	  
(2010).	   An	   Atg9-­‐containing	   compartment	   that	   functions	   in	   the	   early	   steps	   of	  
autophagosome	  biogenesis.	  The	  Journal	  of	  cell	  biology	  190,	  1005-­‐1022.	  
Mathew,	  R.,	  Kongara,	  S.,	  Beaudoin,	  B.,	  Karp,	  C.M.,	  Bray,	  K.,	  Degenhardt,	  K.,	  Chen,	  
G.,	   Jin,	   S.,	   and	  White,	   E.	   (2007).	   Autophagy	   suppresses	   tumor	   progression	   by	  
limiting	  chromosomal	  instability.	  Genes	  &	  development	  21,	  1367-­‐1381.	  
Matsui,	   A.,	   Kamada,	   Y.,	   and	   Matsuura,	   A.	   (2013).	   The	   Role	   of	   Autophagy	   in	  
Genome	   Stability	   through	   Suppression	   of	   Abnormal	  Mitosis	   under	   Starvation.	  
Plos	  Genetics	  9.	  
	   168	  
Matsuura,	   A.,	   Tsukada,	   M.,	   Wada,	   Y.,	   and	   Ohsumi,	   Y.	   (1997).	   Apg1p,	   a	   novel	  
protein	   kinase	   required	   for	   the	   autophagic	   process	   in	   Saccharomyces	  
cerevisiae.	  Gene	  192,	  245-­‐250.	  
McCracken,	   A.A.,	   and	   Brodsky,	   J.L.	   (1996).	   Assembly	   of	   ER-­‐associated	   protein	  
degradation	  in	  vitro:	  dependence	  on	  cytosol,	  calnexin,	  and	  ATP.	  The	  Journal	  of	  
cell	  biology	  132,	  291-­‐298.	  
Menasche,	  G.,	  Ho,	  C.H.,	  Sanal,	  O.,	  Feldmann,	  J.,	  Tezcan,	  I.,	  Ersoy,	  F.,	  Houdusse,	  A.,	  
Fischer,	   A.,	   and	   de	   Saint	   Basile,	   G.	   (2003).	   Griscelli	   syndrome	   restricted	   to	  
hypopigmentation	  results	  from	  a	  melanophilin	  defect	  (GS3)	  or	  a	  MYO5A	  F-­‐exon	  
deletion	  (GS1).	  The	  Journal	  of	  clinical	  investigation	  112,	  450-­‐456.	  
Menasche,	   G.,	   Pastural,	   E.,	   Feldmann,	   J.,	   Certain,	   S.,	   Ersoy,	   F.,	   Dupuis,	   S.,	  
Wulffraat,	   N.,	   Bianchi,	   D.,	   Fischer,	   A.,	   Le	   Deist,	   F.,	   et	   al.	   (2000).	   Mutations	   in	  
RAB27A	  cause	  Griscelli	  syndrome	  associated	  with	  haemophagocytic	  syndrome.	  
Nature	  genetics	  25,	  173-­‐176.	  
Menon,	   S.,	   Dibble,	   C.C.,	   Talbott,	   G.,	   Hoxhaj,	   G.,	   Valvezan,	   A.J.,	   Takahashi,	   H.,	  
Cantley,	   L.C.,	   and	   Manning,	   B.D.	   (2014).	   Spatial	   control	   of	   the	   TSC	   complex	  
integrates	  insulin	  and	  nutrient	  regulation	  of	  mTORC1	  at	  the	  lysosome.	  Cell	  156,	  
771-­‐785.	  
Merhi,	  A.,	  and	  Andre,	  B.	  (2012).	  Internal	  amino	  acids	  promote	  Gap1	  permease	  
ubiquitylation	  via	  TORC1/Npr1/14-­‐3-­‐3-­‐dependent	   control	  of	   the	  Bul	  arrestin-­‐
like	  adaptors.	  Molecular	  and	  cellular	  biology	  32,	  4510-­‐4522.	  
Mimura,	  S.,	  and	  Takisawa,	  H.	  (1998).	  Xenopus	  Cdc45-­‐dependent	  loading	  of	  DNA	  
polymerase	  alpha	  onto	  chromatin	  under	  the	  control	  of	  S-­‐phase	  Cdk.	  The	  EMBO	  
journal	  17,	  5699-­‐5707.	  
Miracco,	  C.,	  Cosci,	  E.,	  Oliveri,	  G.,	  Luzi,	  P.,	  Pacenti,	  L.,	  Monciatti,	  I.,	  Mannucci,	  S.,	  De	  
Nisi,	   M.C.,	   Toscano,	   M.,	   Malagnino,	   V.,	   et	   al.	   (2007).	   Protein	   and	   mRNA	  
expression	  of	  autophagy	  gene	  Beclin	  1	  in	  human	  brain	  tumours.	   International	  
journal	  of	  oncology	  30,	  429-­‐436.	  
Misra,	  S.,	  and	  Hurley,	  J.H.	  (1999).	  Crystal	  structure	  of	  a	  phosphatidylinositol	  3-­‐
phosphate-­‐specific	  membrane-­‐targeting	  motif,	  the	  FYVE	  domain	  of	  Vps27p.	  Cell	  
97,	  657-­‐666.	  
Mitchener,	   J.S.,	   Shelburne,	   J.D.,	   Bradford,	   W.D.,	   and	   Hawkins,	   H.K.	   (1976).	  
Cellular	  autophagocytosis	  induced	  by	  deprivation	  of	  serum	  and	  amino	  acids	  in	  
HeLa	  cells.	  The	  American	  journal	  of	  pathology	  83,	  485-­‐492.	  
Mizushima,	   N.,	   and	   Klionsky,	   D.J.	   (2007).	   Protein	   turnover	   via	   autophagy:	  
implications	  for	  metabolism.	  Annual	  review	  of	  nutrition	  27,	  19-­‐40.	  
Mori,	   K.	   (2009).	   Signalling	   pathways	   in	   the	   unfolded	   protein	   response:	  
development	  from	  yeast	  to	  mammals.	  Journal	  of	  biochemistry	  146,	  743-­‐750.	  
Mosesson,	   Y.,	   Mills,	   G.B.,	   and	   Yarden,	   Y.	   (2008).	   Derailed	   endocytosis:	   an	  
emerging	  feature	  of	  cancer.	  Nature	  reviews	  Cancer	  8,	  835-­‐850.	  
	   169	  
Nakano,	  A.,	  and	  Muramatsu,	  M.	   (1989).	  A	  novel	  GTP-­‐binding	  protein,	  Sar1p,	   is	  
involved	   in	   transport	   from	  the	  endoplasmic	   reticulum	  to	   the	  Golgi	  apparatus.	  
The	  Journal	  of	  cell	  biology	  109,	  2677-­‐2691.	  
Natarajan,	  K.,	  Meyer,	  M.R.,	  Jackson,	  B.M.,	  Slade,	  D.,	  Roberts,	  C.,	  Hinnebusch,	  A.G.,	  
and	  Marton,	  M.J.	  (2001).	  Transcriptional	  profiling	  shows	  that	  Gcn4p	  is	  a	  master	  
regulator	  of	  gene	  expression	  during	  amino	  acid	  starvation	   in	  yeast.	  Molecular	  
and	  cellular	  biology	  21,	  4347-­‐4368.	  
Neylon,	   C.,	   Kralicek,	   A.V.,	   Hill,	   T.M.,	   and	   Dixon,	   N.E.	   (2005).	   Replication	  
termination	   in	  Escherichia	  coli:	   structure	  and	  antihelicase	  activity	  of	   the	  Tus-­‐
Ter	  complex.	  Microbiology	  and	  molecular	  biology	  reviews	  :	  MMBR	  69,	  501-­‐526.	  
Nguyen,	  V.C.,	  Clelland,	  B.W.,	  Hockman,	  D.J.,	  Kujat-­‐Choy,	  S.L.,	  Mewhort,	  H.E.,	  and	  
Schultz,	  M.C.	  (2010).	  Replication	  stress	  checkpoint	  signaling	  controls	  tRNA	  gene	  
transcription.	  Nature	  structural	  &	  molecular	  biology	  17,	  976-­‐981.	  
Nobukuni,	   T.,	   Joaquin,	   M.,	   Roccio,	   M.,	   Dann,	   S.G.,	   Kim,	   S.Y.,	   Gulati,	   P.,	   Byfield,	  
M.P.,	   Backer,	   J.M.,	   Natt,	   F.,	   Bos,	   J.L.,	   et	   al.	   (2005).	   Amino	   acids	   mediate	  
mTOR/raptor	  signaling	  through	  activation	  of	  class	  3	  phosphatidylinositol	  3OH-­‐
kinase.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  
America	  102,	  14238-­‐14243.	  
Noda,	  T.,	  Kim,	  J.,	  Huang,	  W.P.,	  Baba,	  M.,	  Tokunaga,	  C.,	  Ohsumi,	  Y.,	  and	  Klionsky,	  
D.J.	   (2000).	   Apg9p/Cvt7p	   is	   an	   integral	   membrane	   protein	   required	   for	  
transport	  vesicle	  formation	  in	  the	  Cvt	  and	  autophagy	  pathways.	  The	  Journal	  of	  
cell	  biology	  148,	  465-­‐480.	  
Novick,	   P.,	   Field,	   C.,	   and	   Schekman,	   R.	   (1980).	   Identification	   of	   23	  
complementation	   groups	   required	   for	   post-­‐translational	   events	   in	   the	   yeast	  
secretory	  pathway.	  Cell	  21,	  205-­‐215.	  
Obara,	  K.,	  Sekito,	  T.,	  and	  Ohsumi,	  Y.	  (2006).	  Assortment	  of	  phosphatidylinositol	  
3-­‐kinase	   complexes-­‐-­‐Atg14p	   directs	   association	   of	   complex	   I	   to	   the	   pre-­‐
autophagosomal	   structure	   in	   Saccharomyces	   cerevisiae.	   Molecular	   biology	   of	  
the	  cell	  17,	  1527-­‐1539.	  
Odorizzi,	  G.,	  Babst,	  M.,	  and	  Emr,	  S.D.	  (2000).	  Phosphoinositide	  signaling	  and	  the	  
regulation	  of	  membrane	  trafficking	  in	  yeast.	  Trends	  in	  biochemical	  sciences	  25,	  
229-­‐235.	  
Odorizzi,	   G.,	   Cowles,	   C.R.,	   and	   Emr,	   S.D.	   (1998).	   The	   AP-­‐3	   complex:	   a	   coat	   of	  
many	  colours.	  Trends	  in	  cell	  biology	  8,	  282-­‐288.	  
Park,	  S.H.,	  Bolender,	  N.,	  Eisele,	  F.,	  Kostova,	  Z.,	  Takeuchi,	  J.,	  Coffino,	  P.,	  and	  Wolf,	  
D.H.	   (2007).	  The	   cytoplasmic	  Hsp70	   chaperone	  machinery	   subjects	  misfolded	  
and	   endoplasmic	   reticulum	   import-­‐incompetent	   proteins	   to	   degradation	   via	  
the	  ubiquitin-­‐proteasome	  system.	  Molecular	  biology	  of	  the	  cell	  18,	  153-­‐165.	  
Parrish,	   W.R.,	   Stefan,	   C.J.,	   and	   Emr,	   S.D.	   (2004).	   Essential	   role	   for	   the	  
myotubularin-­‐related	   phosphatase	   Ymr1p	   and	   the	   synaptojanin-­‐like	  
phosphatases	  Sjl2p	  and	  Sjl3p	  in	  regulation	  of	  phosphatidylinositol	  3-­‐phosphate	  
in	  yeast.	  Molecular	  biology	  of	  the	  cell	  15,	  3567-­‐3579.	  
	   170	  
Parrish,	   W.R.,	   Stefan,	   C.J.,	   and	   Emr,	   S.D.	   (2005).	   PtdIns(3)P	   accumulation	   in	  
triple	  lipid-­‐phosphatase-­‐deletion	  mutants	  triggers	  lethal	  hyperactivation	  of	  the	  
Rho1p/Pkc1p	   cell-­‐integrity	   MAP	   kinase	   pathway.	   Journal	   of	   cell	   science	   118,	  
5589-­‐5601.	  
Pastural,	  E.,	  Barrat,	  F.J.,	  Dufourcq-­‐Lagelouse,	  R.,	  Certain,	  S.,	  Sanal,	  O.,	  Jabado,	  N.,	  
Seger,	  R.,	  Griscelli,	  C.,	  Fischer,	  A.,	  and	  de	  Saint	  Basile,	  G.	  (1997).	  Griscelli	  disease	  
maps	  to	  chromosome	  15q21	  and	  is	  associated	  with	  mutations	  in	  the	  myosin-­‐Va	  
gene.	  Nature	  genetics	  16,	  289-­‐292.	  
Patki,	   V.,	   Lawe,	   D.C.,	   Corvera,	   S.,	   Virbasius,	   J.V.,	   and	   Chawla,	   A.	   (1998).	   A	  
functional	  PtdIns(3)P-­‐binding	  motif.	  Nature	  394,	  433-­‐434.	  
Pelham,	  H.R.	  (2001).	  SNAREs	  and	  the	  specificity	  of	  membrane	  fusion.	  Trends	  in	  
cell	  biology	  11,	  99-­‐101.	  
Pellicioli,	   A.,	   and	   Foiani,	   M.	   (2005).	   Signal	   transduction:	   how	   rad53	   kinase	   is	  
activated.	  Current	  biology	  :	  CB	  15,	  R769-­‐771.	  
Piper,	   R.C.,	   Bryant,	   N.J.,	   and	   Stevens,	   T.H.	   (1997).	   The	   membrane	   protein	  
alkaline	  phosphatase	  is	  delivered	  to	  the	  vacuole	  by	  a	  route	  that	  is	  distinct	  from	  
the	  VPS-­‐dependent	  pathway.	  The	  Journal	  of	  cell	  biology	  138,	  531-­‐545.	  
Pleskot,	   R.,	   Cwiklik,	   L.,	   Jungwirth,	   P.,	   Zarsky,	   V.,	   and	   Potocky,	   M.	   (2015).	  
Membrane	   targeting	   of	   the	   yeast	   exocyst	   complex.	   Biochimica	   et	   biophysica	  
acta	  1848,	  1481-­‐1489.	  
Possemato,	   R.,	   Marks,	   K.M.,	   Shaul,	   Y.D.,	   Pacold,	   M.E.,	   Kim,	   D.,	   Birsoy,	   K.,	  
Sethumadhavan,	   S.,	   Woo,	   H.K.,	   Jang,	   H.G.,	   Jha,	   A.K.,	   et	   al.	   (2011).	   Functional	  
genomics	  reveal	  that	  the	  serine	  synthesis	  pathway	  is	  essential	  in	  breast	  cancer.	  
Nature	  476,	  346-­‐350.	  
Prag,	   G.,	   Watson,	   H.,	   Kim,	   Y.C.,	   Beach,	   B.M.,	   Ghirlando,	   R.,	   Hummer,	   G.,	  
Bonifacino,	   J.S.,	   and	   Hurley,	   J.H.	   (2007).	   The	   Vps27/Hse1	   complex	   is	   a	   GAT	  
domain-­‐based	  scaffold	  for	  ubiquitin-­‐dependent	  sorting.	  Developmental	  cell	  12,	  
973-­‐986.	  
Priault,	  M.,	  Salin,	  B.,	  Schaeffer,	   J.,	  Vallette,	  F.M.,	  di	  Rago,	   J.P.,	  and	  Martinou,	   J.C.	  
(2005).	   Impairing	   the	  bioenergetic	   status	   and	   the	  biogenesis	   of	  mitochondria	  
triggers	  mitophagy	  in	  yeast.	  Cell	  death	  and	  differentiation	  12,	  1613-­‐1621.	  
Puls,	  I.,	  Jonnakuty,	  C.,	  LaMonte,	  B.H.,	  Holzbaur,	  E.L.,	  Tokito,	  M.,	  Mann,	  E.,	  Floeter,	  
M.K.,	   Bidus,	   K.,	   Drayna,	   D.,	   Oh,	   S.J.,	   et	   al.	   (2003).	   Mutant	   dynactin	   in	   motor	  
neuron	  disease.	  Nature	  genetics	  33,	  455-­‐456.	  
Pursell,	   Z.F.,	   Isoz,	   I.,	   Lundstrom,	   E.B.,	   Johansson,	   E.,	   and	   Kunkel,	   T.A.	   (2007).	  
Yeast	  DNA	  polymerase	  epsilon	  participates	   in	   leading-­‐strand	  DNA	  replication.	  
Science	  317,	  127-­‐130.	  
Qing,	   G.,	   Li,	   B.,	   Vu,	   A.,	   Skuli,	   N.,	   Walton,	   Z.E.,	   Liu,	   X.,	   Mayes,	   P.A.,	   Wise,	   D.R.,	  
Thompson,	   C.B.,	   Maris,	   J.M.,	   et	   al.	   (2012).	   ATF4	   regulates	   MYC-­‐mediated	  
neuroblastoma	  cell	  death	  upon	  glutamine	  deprivation.	  Cancer	  cell	  22,	  631-­‐644.	  
	   171	  
Qu,	  X.,	  Yu,	  J.,	  Bhagat,	  G.,	  Furuya,	  N.,	  Hibshoosh,	  H.,	  Troxel,	  A.,	  Rosen,	  J.,	  Eskelinen,	  
E.L.,	   Mizushima,	   N.,	   Ohsumi,	   Y.,	   et	   al.	   (2003).	   Promotion	   of	   tumorigenesis	   by	  
heterozygous	  disruption	  of	  the	  beclin	  1	  autophagy	  gene.	  The	  Journal	  of	  clinical	  
investigation	  112,	  1809-­‐1820.	  
Raghuraman,	   M.K.,	   Winzeler,	   E.A.,	   Collingwood,	   D.,	   Hunt,	   S.,	   Wodicka,	   L.,	  
Conway,	  A.,	  Lockhart,	  D.J.,	  Davis,	  R.W.,	  Brewer,	  B.J.,	  and	  Fangman,	  W.L.	  (2001).	  
Replication	  dynamics	  of	  the	  yeast	  genome.	  Science	  294,	  115-­‐121.	  
Regenberg,	  B.,	  Holmberg,	  S.,	  Olsen,	  L.D.,	  and	  Kielland-­‐Brandt,	  M.C.	  (1998).	  Dip5p	  
mediates	   high-­‐affinity	   and	   high-­‐capacity	   transport	   of	   L-­‐glutamate	   and	   L-­‐
aspartate	  in	  Saccharomyces	  cerevisiae.	  Current	  genetics	  33,	  171-­‐177.	  
Reggiori,	   F.,	   and	   Klionsky,	   D.J.	   (2013).	   Autophagic	   processes	   in	   yeast:	  
mechanism,	  machinery	  and	  regulation.	  Genetics	  194,	  341-­‐361.	  
Reilly,	  B.A.,	  Kraynack,	  B.A.,	  VanRheenen,	  S.M.,	  and	  Waters,	  M.G.	  (2001).	  Golgi-­‐to-­‐
endoplasmic	   reticulum	   (ER)	   retrograde	   traffic	   in	   yeast	   requires	   Dsl1p,	   a	  
component	   of	   the	   ER	   target	   site	   that	   interacts	   with	   a	   COPI	   coat	   subunit.	  
Molecular	  biology	  of	  the	  cell	  12,	  3783-­‐3796.	  
Rello-­‐Varona,	   S.,	   Lissa,	   D.,	   Shen,	   S.,	   Niso-­‐Santano,	   M.,	   Senovilla,	   L.,	   Marino,	   G.,	  
Vitale,	  I.,	  Jemaa,	  M.,	  Harper,	  F.,	  Pierron,	  G.,	  et	  al.	  (2012).	  Autophagic	  removal	  of	  
micronuclei.	  Cell	  cycle	  11,	  170-­‐176.	  
Rieber,	   M.,	   and	   Rieber,	   M.S.	   (2008).	   Sensitization	   to	   radiation-­‐induced	   DNA	  
damage	  accelerates	  loss	  of	  bcl-­‐2	  and	  increases	  apoptosis	  and	  autophagy.	  Cancer	  
biology	  &	  therapy	  7,	  1561-­‐1566.	  
Robert,	   T.,	   Vanoli,	   F.,	   Chiolo,	   I.,	   Shubassi,	   G.,	   Bernstein,	   K.A.,	   Rothstein,	   R.,	  
Botrugno,	  O.A.,	  Parazzoli,	  D.,	  Oldani,	  A.,	  Minucci,	  S.,	  et	  al.	  (2011).	  HDACs	  link	  the	  
DNA	   damage	   response,	   processing	   of	   double-­‐strand	   breaks	   and	   autophagy.	  
Nature	  471,	  74-­‐79.	  
Roberts,	   P.,	   Moshitch-­‐Moshkovitz,	   S.,	   Kvam,	   E.,	   O'Toole,	   E.,	   Winey,	   M.,	   and	  
Goldfarb,	  D.S.	  (2003).	  Piecemeal	  microautophagy	  of	  nucleus	  in	  Saccharomyces	  
cerevisiae.	  Molecular	  biology	  of	  the	  cell	  14,	  129-­‐141.	  
Robinson,	  J.S.,	  Klionsky,	  D.J.,	  Banta,	  L.M.,	  and	  Emr,	  S.D.	  (1988).	  Protein	  sorting	  in	  
Saccharomyces	   cerevisiae:	   isolation	   of	   mutants	   defective	   in	   the	   delivery	   and	  
processing	   of	  multiple	   vacuolar	   hydrolases.	  Molecular	   and	   cellular	   biology	   8,	  
4936-­‐4948.	  
Rogers,	   J.V.,	   McMahon,	   C.,	   Baryshnikova,	   A.,	   Hughson,	   F.M.,	   and	   Rose,	   M.D.	  
(2014).	   ER-­‐associated	   retrograde	   SNAREs	   and	   the	   Dsl1	   complex	   mediate	   an	  
alternative,	   Sey1p-­‐independent	   homotypic	   ER	   fusion	   pathway.	   Molecular	  
biology	  of	  the	  cell	  25,	  3401-­‐3412.	  
Rohatgi,	  R.A.,	  Janusis,	  J.,	  Leonard,	  D.,	  Bellve,	  K.D.,	  Fogarty,	  K.E.,	  Baehrecke,	  E.H.,	  
Corvera,	   S.,	   and	   Shaw,	   L.M.	   (2015).	   Beclin	   1	   regulates	   growth	   factor	   receptor	  
signaling	  in	  breast	  cancer.	  Oncogene	  34,	  5352-­‐5362.	  
	   172	  
Romisch,	   K.	   (1999).	   Surfing	   the	   Sec61	   channel:	   bidirectional	   protein	  
translocation	   across	   the	   ER	   membrane.	   Journal	   of	   cell	   science	   112	   (	   Pt	   23),	  
4185-­‐4191.	  
Rothman,	   J.H.,	   and	   Stevens,	   T.H.	   (1986).	   Protein	   sorting	   in	   yeast:	   mutants	  
defective	   in	   vacuole	   biogenesis	   mislocalize	   vacuolar	   proteins	   into	   the	   late	  
secretory	  pathway.	  Cell	  47,	  1041-­‐1051.	  
Russnak,	   R.,	   Konczal,	   D.,	   and	  McIntire,	   S.L.	   (2001).	   A	   family	   of	   yeast	   proteins	  
mediating	   bidirectional	   vacuolar	   amino	   acid	   transport.	   The	   Journal	   of	  
biological	  chemistry	  276,	  23849-­‐23857.	  
Saeed,	  A.I.,	  Sharov,	  V.,	  White,	  J.,	  Li,	  J.,	  Liang,	  W.,	  Bhagabati,	  N.,	  Braisted,	  J.,	  Klapa,	  
M.,	   Currier,	  T.,	  Thiagarajan,	  M.,	  et	  al.	   (2003).	  TM4:	   a	   free,	   open-­‐source	   system	  
for	  microarray	  data	  management	  and	  analysis.	  BioTechniques	  34,	  374-­‐378.	  
Saksena,	   S.,	   and	   Emr,	   S.D.	   (2009).	   ESCRTs	   and	   human	   disease.	   Biochemical	  
Society	  transactions	  37,	  167-­‐172.	  
Schmidt,	  A.,	  Hall,	  M.N.,	  and	  Koller,	  A.	  (1994).	  Two	  FK506	  resistance-­‐conferring	  
genes	   in	   Saccharomyces	   cerevisiae,	   TAT1	   and	   TAT2,	   encode	   amino	   acid	  
permeases	  mediating	   tyrosine	  and	   tryptophan	  uptake.	  Molecular	  and	   cellular	  
biology	  14,	  6597-­‐6606.	  
Schreve,	   J.L.,	   Sin,	   J.K.,	   and	   Garrett,	   J.M.	   (1998).	   The	   Saccharomyces	   cerevisiae	  
YCC5	  (YCL025c)	  gene	  encodes	  an	  amino	  acid	  permease,	  Agp1,	  which	  transports	  
asparagine	  and	  glutamine.	  Journal	  of	  bacteriology	  180,	  2556-­‐2559.	  
Schu,	   P.V.,	   Takegawa,	   K.,	   Fry,	   M.J.,	   Stack,	   J.H.,	   Waterfield,	   M.D.,	   and	   Emr,	   S.D.	  
(1993).	   Phosphatidylinositol	   3-­‐kinase	   encoded	  by	   yeast	   VPS34	   gene	   essential	  
for	  protein	  sorting.	  Science	  260,	  88-­‐91.	  
Seaman,	  M.N.	  (2012).	  The	  retromer	  complex	  -­‐	  endosomal	  protein	  recycling	  and	  
beyond.	  Journal	  of	  cell	  science	  125,	  4693-­‐4702.	  
Sekito,	   T.,	   Fujiki,	   Y.,	   Ohsumi,	   Y.,	   and	   Kakinuma,	   Y.	   (2008).	   Novel	   families	   of	  
vacuolar	  amino	  acid	  transporters.	  IUBMB	  life	  60,	  519-­‐525.	  
Sheen,	   V.L.,	   Ganesh,	   V.S.,	   Topcu,	  M.,	   Sebire,	   G.,	   Bodell,	   A.,	  Hill,	   R.S.,	   Grant,	   P.E.,	  
Shugart,	   Y.Y.,	   Imitola,	   J.,	   Khoury,	   S.J.,	   et	   al.	   (2004).	   Mutations	   in	   ARFGEF2	  
implicate	  vesicle	  trafficking	  in	  neural	  progenitor	  proliferation	  and	  migration	  in	  
the	  human	  cerebral	  cortex.	  Nature	  genetics	  36,	  69-­‐76.	  
Shimobayashi,	  M.,	  and	  Hall,	  M.N.	  (2016).	  Multiple	  amino	  acid	  sensing	  inputs	  to	  
mTORC1.	  Cell	  research	  26,	  7-­‐20.	  
Shintani,	   T.,	   and	   Klionsky,	   D.J.	   (2004).	   Autophagy	   in	   health	   and	   disease:	   a	  
double-­‐edged	  sword.	  Science	  306,	  990-­‐995.	  
Sidrauski,	  C.,	  and	  Walter,	  P.	  (1997).	  The	  transmembrane	  kinase	  Ire1p	  is	  a	  site-­‐
specific	   endonuclease	   that	   initiates	   mRNA	   splicing	   in	   the	   unfolded	   protein	  
response.	  Cell	  90,	  1031-­‐1039.	  
	   173	  
Skokotas,	  A.,	  Wrobleski,	  M.,	  and	  Hill,	  T.M.	  (1994).	  Isolation	  and	  characterization	  
of	  mutants	  of	  Tus,	  the	  replication	  arrest	  protein	  of	  Escherichia	  coli.	  The	  Journal	  
of	  biological	  chemistry	  269,	  20446-­‐20455.	  
Slagsvold,	   T.,	   Aasland,	   R.,	   Hirano,	   S.,	   Bache,	   K.G.,	   Raiborg,	   C.,	   Trambaiolo,	   D.,	  
Wakatsuki,	   S.,	   and	   Stenmark,	  H.	   (2005).	   Eap45	   in	  mammalian	   ESCRT-­‐II	   binds	  
ubiquitin	   via	   a	   phosphoinositide-­‐interacting	   GLUE	   domain.	   The	   Journal	   of	  
biological	  chemistry	  280,	  19600-­‐19606.	  
Smolka,	  M.B.,	  Albuquerque,	  C.P.,	  Chen,	  S.H.,	  and	  Zhou,	  H.	  (2007).	  Proteome-­‐wide	  
identification	  of	  in	  vivo	  targets	  of	  DNA	  damage	  checkpoint	  kinases.	  Proceedings	  
of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  104,	  10364-­‐
10369.	  
Sogo,	   J.M.,	   Lopes,	   M.,	   and	   Foiani,	   M.	   (2002).	   Fork	   reversal	   and	   ssDNA	  
accumulation	  at	   stalled	  replication	   forks	  owing	   to	  checkpoint	  defects.	   Science	  
297,	  599-­‐602.	  
Sprecher,	  E.,	  Ishida-­‐Yamamoto,	  A.,	  Mizrahi-­‐Koren,	  M.,	  Rapaport,	  D.,	  Goldsher,	  D.,	  
Indelman,	   M.,	   Topaz,	   O.,	   Chefetz,	   I.,	   Keren,	   H.,	   O'Brien	   T,	   J.,	   et	   al.	   (2005).	   A	  
mutation	   in	   SNAP29,	   coding	   for	   a	   SNARE	   protein	   involved	   in	   intracellular	  
trafficking,	  causes	  a	  novel	  neurocutaneous	  syndrome	  characterized	  by	  cerebral	  
dysgenesis,	  neuropathy,	   ichthyosis,	  and	  palmoplantar	  keratoderma.	  American	  
journal	  of	  human	  genetics	  77,	  242-­‐251.	  
Stack,	   J.H.,	  DeWald,	  D.B.,	  Takegawa,	  K.,	  and	  Emr,	  S.D.	  (1995).	  Vesicle-­‐mediated	  
protein	   transport:	   regulatory	   interactions	   between	   the	   Vps15	   protein	   kinase	  
and	   the	   Vps34	  PtdIns	   3-­‐kinase	   essential	   for	   protein	   sorting	   to	   the	   vacuole	   in	  
yeast.	  The	  Journal	  of	  cell	  biology	  129,	  321-­‐334.	  
Stack,	   J.H.,	   Herman,	   P.K.,	   Schu,	   P.V.,	   and	   Emr,	   S.D.	   (1993).	   A	   membrane-­‐
associated	   complex	   containing	   the	   Vps15	   protein	   kinase	   and	   the	   Vps34	   PI	   3-­‐
kinase	   is	  essential	   for	  protein	   sorting	   to	   the	  yeast	   lysosome-­‐like	  vacuole.	  The	  
EMBO	  journal	  12,	  2195-­‐2204.	  
Stephan,	   J.S.,	   Yeh,	   Y.Y.,	   Ramachandran,	   V.,	   Deminoff,	   S.J.,	   and	   Herman,	   P.K.	  
(2009).	   The	   Tor	   and	   PKA	   signaling	   pathways	   independently	   target	   the	  
Atg1/Atg13	   protein	   kinase	   complex	   to	   control	   autophagy.	   Proceedings	   of	   the	  
National	   Academy	   of	   Sciences	   of	   the	   United	   States	   of	   America	   106,	   17049-­‐
17054.	  
Stinchcomb,	   D.T.,	   Thomas,	   M.,	   Kelly,	   J.,	   Selker,	   E.,	   and	   Davis,	   R.W.	   (1980).	  
Eukaryotic	   DNA	   segments	   capable	   of	   autonomous	   replication	   in	   yeast.	  
Proceedings	   of	   the	   National	   Academy	   of	   Sciences	   of	   the	   United	   States	   of	  
America	  77,	  4559-­‐4563.	  
Sun,	  Z.X.,	  Fay,	  D.S.,	  Marini,	  F.,	  Foiani,	  M.,	  and	  Stern,	  D.F.	  (1996).	  Spk1/Rad53	  is	  
regulated	  by	  Mec1-­‐dependent	  protein	  phosphorylation	  in	  DNA	  replication	  and	  
damage	  checkpoint	  pathways.	  Genes	  &	  Development	  10,	  395-­‐406.	  
Surdin,	   Y.,	   Sly,	  W.,	   Sire,	   J.,	   Bordes,	   A.M.,	   and	   Robichon-­‐Szulmajster,	   H.	   (1965).	  
[Properties	  and	  genetic	  control	  of	  the	  system	  for	  accumulation	  of	  amino	  acids	  
in	  Saccharomyces	  cerevisiae].	  Biochimica	  et	  biophysica	  acta	  107,	  546-­‐566.	  
	   174	  
Sutton,	  R.B.,	  Fasshauer,	  D.,	  Jahn,	  R.,	  and	  Brunger,	  A.T.	  (1998).	  Crystal	  structure	  
of	  a	  SNARE	  complex	  involved	  in	  synaptic	  exocytosis	  at	  2.4	  A	  resolution.	  Nature	  
395,	  347-­‐353.	  
Sychrova,	   H.,	   and	   Chevallier,	   M.R.	   (1993).	   Cloning	   and	   sequencing	   of	   the	  
Saccharomyces	   cerevisiae	   gene	   LYP1	   coding	   for	   a	   lysine-­‐specific	   permease.	  
Yeast	  9,	  771-­‐782.	  
Sychrova,	   H.,	   and	   Chevallier,	   M.R.	   (1994).	   APL1,	   a	   yeast	   gene	   encoding	   a	  
putative	  permease	  for	  basic	  amino	  acids.	  Yeast	  10,	  653-­‐657.	  
Takayama,	  Y.,	  Kamimura,	  Y.,	  Okawa,	  M.,	  Muramatsu,	  S.,	  Sugino,	  A.,	  and	  Araki,	  H.	  
(2003).	   GINS,	   a	   novel	   multiprotein	   complex	   required	   for	   chromosomal	   DNA	  
replication	  in	  budding	  yeast.	  Genes	  &	  development	  17,	  1153-­‐1165.	  
Takeshige,	  K.,	  Baba,	  M.,	  Tsuboi,	  S.,	  Noda,	  T.,	  and	  Ohsumi,	  Y.	  (1992).	  Autophagy	  in	  
yeast	   demonstrated	   with	   proteinase-­‐deficient	   mutants	   and	   conditions	   for	   its	  
induction.	  The	  Journal	  of	  cell	  biology	  119,	  301-­‐311.	  
Tanaka,	   T.,	   and	   Nasmyth,	   K.	   (1998).	   Association	   of	   RPA	   with	   chromosomal	  
replication	   origins	   requires	   an	  Mcm	   protein,	   and	   is	   regulated	   by	   Rad53,	   and	  
cyclin-­‐	  and	  Dbf4-­‐dependent	  kinases.	  The	  EMBO	  journal	  17,	  5182-­‐5191.	  
Taylor,	  R.,	  Jr.,	  Chen,	  P.H.,	  Chou,	  C.C.,	  Patel,	  J.,	  and	  Jin,	  S.V.	  (2012).	  KCS1	  deletion	  
in	   Saccharomyces	   cerevisiae	   leads	   to	   a	   defect	   in	   translocation	   of	   autophagic	  
proteins	  and	  reduces	  autophagosome	  formation.	  Autophagy	  8,	  1300-­‐1311.	  
Teo,	   H.,	   Gill,	   D.J.,	   Sun,	   J.,	   Perisic,	   O.,	   Veprintsev,	   D.B.,	   Vallis,	   Y.,	   Emr,	   S.D.,	   and	  
Williams,	   R.L.	   (2006).	   ESCRT-­‐I	   core	   and	   ESCRT-­‐II	   GLUE	   domain	   structures	  
reveal	  role	  for	  GLUE	  in	  linking	  to	  ESCRT-­‐I	  and	  membranes.	  Cell	  125,	  99-­‐111.	  
Tercero,	   J.A.,	   and	   Diffley,	   J.F.	   (2001).	   Regulation	   of	   DNA	   replication	   fork	  
progression	  through	  damaged	  DNA	  by	  the	  Mec1/Rad53	  checkpoint.	  Nature	  412,	  
553-­‐557.	  
Titorenko,	   V.I.,	   Keizer,	   I.,	   Harder,	  W.,	   and	   Veenhuis,	   M.	   (1995).	   Isolation	   and	  
characterization	   of	   mutants	   impaired	   in	   the	   selective	   degradation	   of	  
peroxisomes	   in	   the	  yeast	  Hansenula	  polymorpha.	   Journal	  of	  bacteriology	  177,	  
357-­‐363.	  
Tkach,	  J.M.,	  Yimit,	  A.,	  Lee,	  A.Y.,	  Riffle,	  M.,	  Costanzo,	  M.,	  Jaschob,	  D.,	  Hendry,	  J.A.,	  
Ou,	   J.,	   Moffat,	   J.,	   Boone,	   C.,	   et	   al.	   (2012).	   Dissecting	   DNA	   damage	   response	  
pathways	  by	  analysing	  protein	  localization	  and	  abundance	  changes	  during	  DNA	  
replication	  stress.	  Nature	  cell	  biology	  14,	  966-­‐976.	  
Tuttle,	   D.L.,	   Lewin,	   A.S.,	   and	   Dunn,	   W.A.,	   Jr.	   (1993).	   Selective	   autophagy	   of	  
peroxisomes	  in	  methylotrophic	  yeasts.	  European	  journal	  of	  cell	  biology	  60,	  283-­‐
290.	  
Uttenweiler,	   A.,	   and	   Mayer,	   A.	   (2008).	   Microautophagy	   in	   the	   yeast	  
Saccharomyces	  cerevisiae.	  Methods	  in	  molecular	  biology	  445,	  245-­‐259.	  
	   175	  
Vowels,	   J.J.,	   and	   Payne,	   G.S.	   (1998).	   A	   dileucine-­‐like	   sorting	   signal	   directs	  
transport	   into	  an	  AP-­‐3-­‐dependent,	   clathrin-­‐independent	  pathway	   to	   the	  yeast	  
vacuole.	  The	  EMBO	  journal	  17,	  2482-­‐2493.	  
Wang,	  G.L.,	  McCaffery,	  J.M.,	  Wendland,	  B.,	  Dupre,	  S.,	  Haguenauer-­‐Tsapis,	  R.,	  and	  
Huibregtse,	   J.M.	   (2001a).	   Localization	  of	   the	  Rsp5p	  ubiquitin-­‐protein	   ligase	  at	  
multiple	  sites	  within	  the	  endocytic	  pathway.	  Molecular	  and	  Cellular	  Biology	  21,	  
3564-­‐3575.	  
Wang,	   Z.,	   Wilson,	   W.A.,	   Fujino,	   M.A.,	   and	   Roach,	   P.J.	   (2001b).	   Antagonistic	  
controls	  of	  autophagy	  and	  glycogen	  accumulation	  by	  Snf1p,	  the	  yeast	  homolog	  
of	   AMP-­‐activated	   protein	   kinase,	   and	   the	   cyclin-­‐dependent	   kinase	   Pho85p.	  
Molecular	  and	  cellular	  biology	  21,	  5742-­‐5752.	  
Wedaman,	   K.P.,	   Reinke,	   A.,	   Anderson,	   S.,	   Yates,	   J.,	   3rd,	   McCaffery,	   J.M.,	   and	  
Powers,	   T.	   (2003).	   Tor	   kinases	   are	   in	   distinct	   membrane-­‐associated	   protein	  
complexes	  in	  Saccharomyces	  cerevisiae.	  Molecular	  biology	  of	  the	  cell	  14,	  1204-­‐
1220.	  
Wek,	  R.C.,	  Jackson,	  B.M.,	  and	  Hinnebusch,	  A.G.	  (1989).	  Juxtaposition	  of	  domains	  
homologous	  to	  protein	  kinases	  and	  histidyl-­‐tRNA	  synthetases	  in	  GCN2	  protein	  
suggests	  a	  mechanism	  for	  coupling	  GCN4	  expression	  to	  amino	  acid	  availability.	  
Proceedings	   of	   the	   National	   Academy	   of	   Sciences	   of	   the	   United	   States	   of	  
America	  86,	  4579-­‐4583.	  
Welihinda,	   A.A.,	   Tirasophon,	   W.,	   Green,	   S.R.,	   and	   Kaufman,	   R.J.	   (1997).	   Gene	  
induction	   in	   response	   to	   unfolded	   protein	   in	   the	   endoplasmic	   reticulum	   is	  
mediated	   through	   Ire1p	   kinase	   interaction	  with	   a	   transcriptional	   coactivator	  
complex	  containing	  Ada5p.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  
the	  United	  States	  of	  America	  94,	  4289-­‐4294.	  
Wickner,	   W.	   (2010).	   Membrane	   fusion:	   five	   lipids,	   four	   SNAREs,	   three	  
chaperones,	  two	  nucleotides,	  and	  a	  Rab,	  all	  dancing	  in	  a	  ring	  on	  yeast	  vacuoles.	  
Annual	  review	  of	  cell	  and	  developmental	  biology	  26,	  115-­‐136.	  
Wiederhold,	   E.,	   Gandhi,	   T.,	   Permentier,	   H.P.,	   Breitling,	   R.,	   Poolman,	   B.,	   and	  
Slotboom,	   D.J.	   (2009).	   The	   yeast	   vacuolar	   membrane	   proteome.	   Molecular	   &	  
cellular	  proteomics	  :	  MCP	  8,	  380-­‐392.	  
Wiemken,	  A.,	  and	  Durr,	  M.	  (1974).	  Characterization	  of	  amino	  acid	  pools	  in	  the	  
vacuolar	   compartment	  of	   Saccharomyces	   cerevisiae.	  Archives	  of	  microbiology	  
101,	  45-­‐57.	  
Yao,	   R.,	   Zhang,	   Z.,	   An,	   X.,	   Bucci,	   B.,	   Perlstein,	   D.L.,	   Stubbe,	   J.,	   and	   Huang,	   M.	  
(2003).	  Subcellular	  localization	  of	  yeast	  ribonucleotide	  reductase	  regulated	  by	  
the	   DNA	   replication	   and	   damage	   checkpoint	   pathways.	   Proceedings	   of	   the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  100,	  6628-­‐6633.	  
Yardimci,	   H.,	   and	   Walter,	   J.C.	   (2014).	   Prereplication-­‐complex	   formation:	   a	  
molecular	  double	  take?	  Nature	  structural	  &	  molecular	  biology	  21,	  20-­‐25.	  
Yashiroda,	   H.,	   Oguchi,	   T.,	   Yasuda,	   Y.,	   TohE,	   A.,	   and	  Kikuchi,	   Y.	   (1996).	   Bul1,	   a	  
new	   protein	   that	   binds	   to	   the	   Rsp5	   ubiquitin	   ligase	   in	   Saccharomyces	  
cerevisiae.	  Molecular	  and	  Cellular	  Biology	  16,	  3255-­‐3263.	  
	   176	  
Yoon,	  M.S.,	  Du,	  G.,	  Backer,	  J.M.,	  Frohman,	  M.A.,	  and	  Chen,	  J.	  (2011).	  Class	  III	  PI-­‐3-­‐
kinase	  activates	  phospholipase	  D	   in	  an	  amino	  acid-­‐sensing	  mTORC1	  pathway.	  
The	  Journal	  of	  cell	  biology	  195,	  435-­‐447.	  
Yorimitsu,	  T.,	  Zaman,	  S.,	  Broach,	  J.R.,	  and	  Klionsky,	  D.J.	  (2007).	  Protein	  kinase	  A	  
and	   Sch9	   cooperatively	   regulate	   induction	   of	   autophagy	   in	   Saccharomyces	  
cerevisiae.	  Molecular	  biology	  of	  the	  cell	  18,	  4180-­‐4189.	  
You,	  Z.,	  Kong,	  L.,	   and	  Newport,	   J.	   (2002).	  The	  role	  of	   single-­‐stranded	  DNA	  and	  
polymerase	   alpha	   in	   establishing	   the	   ATR,	   Hus1	   DNA	   replication	   checkpoint.	  
The	  Journal	  of	  biological	  chemistry	  277,	  27088-­‐27093.	  
Yue,	  Z.,	  Jin,	  S.,	  Yang,	  C.,	  Levine,	  A.J.,	  and	  Heintz,	  N.	  (2003).	  Beclin	  1,	  an	  autophagy	  
gene	   essential	   for	   early	   embryonic	   development,	   is	   a	   haploinsufficient	   tumor	  
suppressor.	   Proceedings	   of	   the	   National	   Academy	   of	   Sciences	   of	   the	   United	  
States	  of	  America	  100,	  15077-­‐15082.	  
Yuneva,	  M.,	  Zamboni,	  N.,	  Oefner,	  P.,	  Sachidanandam,	  R.,	  and	  Lazebnik,	  Y.	  (2007).	  
Deficiency	   in	   glutamine	   but	   not	   glucose	   induces	  MYC-­‐dependent	   apoptosis	   in	  
human	  cells.	  The	  Journal	  of	  cell	  biology	  178,	  93-­‐105.	  
Zegerman,	  P.,	  and	  Diffley,	   J.F.	  (2010).	  Checkpoint-­‐dependent	  inhibition	  of	  DNA	  
replication	  initiation	  by	  Sld3	  and	  Dbf4	  phosphorylation.	  Nature	  467,	  474-­‐478.	  
Zhang,	  C.S.,	  Jiang,	  B.,	  Li,	  M.,	  Zhu,	  M.,	  Peng,	  Y.,	  Zhang,	  Y.L.,	  Wu,	  Y.Q.,	  Li,	  T.Y.,	  Liang,	  
Y.,	  Lu,	  Z.,	  et	  al.	  (2014).	  The	  lysosomal	  v-­‐ATPase-­‐Ragulator	  complex	  is	  a	  common	  
activator	   for	   AMPK	   and	  mTORC1,	   acting	   as	   a	   switch	   between	   catabolism	   and	  
anabolism.	  Cell	  metabolism	  20,	  526-­‐540.	  
Zhao,	   X.,	  Muller,	   E.G.,	   and	  Rothstein,	   R.	   (1998).	   A	   suppressor	   of	   two	   essential	  
checkpoint	  genes	  identifies	  a	  novel	  protein	  that	  negatively	  affects	  dNTP	  pools.	  
Molecular	  cell	  2,	  329-­‐340.	  
Zhao,	  X.,	  and	  Rothstein,	  R.	  (2002).	  The	  Dun1	  checkpoint	  kinase	  phosphorylates	  
and	  regulates	   the	  ribonucleotide	  reductase	   inhibitor	  Sml1.	  Proceedings	  of	   the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America	  99,	  3746-­‐3751.	  
Zhou,	  C.,	  Elia,	  A.E.,	  Naylor,	  M.L.,	  Dephoure,	  N.,	  Ballif,	  B.A.,	  Goel,	  G.,	  Xu,	  Q.,	  Ng,	  A.,	  
Chou,	   D.M.,	   Xavier,	   R.J.,	   et	   al.	   (2016).	   Profiling	   DNA	   damage-­‐induced	  
phosphorylation	   in	   budding	   yeast	   reveals	   diverse	   signaling	   networks.	  
Proceedings	   of	   the	   National	   Academy	   of	   Sciences	   of	   the	   United	   States	   of	  
America	  113,	  E3667-­‐3675.	  
Zhou,	  Z.,	  and	  Elledge,	  S.J.	   (1993).	  DUN1	  encodes	  a	  protein	  kinase	  that	  controls	  
the	  DNA	  damage	  response	  in	  yeast.	  Cell	  75,	  1119-­‐1127.	  
Zou,	   L.,	   and	   Elledge,	   S.J.	   (2003).	   Sensing	   DNA	   damage	   through	   ATRIP	  
recognition	  of	  RPA-­‐ssDNA	  complexes.	  Science	  300,	  1542-­‐1548.	  
Zou,	  L.,	  and	  Stillman,	  B.	  (1998).	  Formation	  of	  a	  preinitiation	  complex	  by	  S-­‐phase	  
cyclin	  CDK-­‐dependent	  loading	  of	  Cdc45p	  onto	  chromatin.	  Science	  280,	  593-­‐596.	  
Zuchner,	  S.,	  Noureddine,	  M.,	  Kennerson,	  M.,	  Verhoeven,	  K.,	  Claeys,	  K.,	  De	  Jonghe,	  
P.,	  Merory,	  J.,	  Oliveira,	  S.A.,	  Speer,	  M.C.,	  Stenger,	  J.E.,	  et	  al.	   (2005).	  Mutations	  in	  
	   177	  
the	   pleckstrin	   homology	   domain	   of	   dynamin	   2	   cause	   dominant	   intermediate	  
Charcot-­‐Marie-­‐Tooth	  disease.	  Nature	  genetics	  37,	  289-­‐294.	  
zur	  Stadt,	  U.,	  Schmidt,	  S.,	  Kasper,	  B.,	  Beutel,	  K.,	  Diler,	  A.S.,	  Henter,	   J.I.,	  Kabisch,	  
H.,	  Schneppenheim,	  R.,	  Nurnberg,	  P.,	  Janka,	  G.,	  et	  al.	  (2005).	  Linkage	  of	  familial	  
hemophagocytic	   lymphohistiocytosis	   (FHL)	   type-­‐4	   to	   chromosome	   6q24	   and	  
identification	  of	  mutations	   in	  syntaxin	  11.	  Human	  molecular	  genetics	  14,	  827-­‐
834.	  
	  
	  
